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The material in this volume has been published exactly as 


Primer" prepared 





it was originally 


presented in the “Earth Construction 
for the Earth Construction Technology 
Project. The designations employed and the views expressed 
do not necessarily reflect those of UNCHS (Habitat) or any 
other United Nations body. 
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THE PROJECT “EARTH CONSTRUCTION TECHNOLOGIES APPROPRIATE 
TO DEVELOPING COUNTRIES" 


During Habitat : United Nations Conference on Human Settle- 
ments (Vancouver 1976), great emphasis was placed on the 
need for countries to develop and promote building mate- 
rials and techniques that would be suitable for local con- 
ditions. Subsequently, the Commission on Human Settlements, 
at its annual sessions, has called attention to various 
issues relating to appropriate building technologies. For 
example, in resolution 3/2, the Commission recommended, 
inter alia, that Governments “stimulate research and disse- 
minate findings on efficient methods of construction, low- 
cost design and technology for infrastructure, and indige- 
nous building materials". Several theme papers have also 
dealt with the subject. 


Earth has been used throughout history as a construction 
material and is still one of the most commonly used buil- 
ding materials in low-income communities in developing 
countries. Interest in improving its usefulness has been 
attracting considerable attention throughout the world, 
and the number of earth-construction projects,both in deve- 
loping and industrialized countries, is increasing. 


The project entitled " Earth Construction Technologies 
Appropriate to Developing Countries “ is among the many 
serious contributions made to the topic by independent 
groups,either by means of research or through publications, 
exhibitions and colloquia. The project has been funded 
by the Belgian Administration for Development Co-operation, 
and sponsored by the United Nations Centre for Human Set- 
tlements (Habitat). It was jointly executed by the Post 
Graduate Centre/Human Settlements of the Katholieke Univer- 
siteit, Leuven, Belgium; the Centre de Recherches en Archi- 
tecture of the Université Catholique de Louvain-1a-Neuve, 
Belgium; and by Hugo Houben, member of CRATerre (Centre 
de Recherche et d'Application Terre) Belgium, France, Peru, 
Germany. 


a ee 


The research in question has two major objectives. Le 
sought, first, to define clearly the potential for and con- 
Straints to earth as a building material in a continuously 
evolving world and, secondiy, to promote the use of earth 
in construction, wherever desirable. After a methodology 
had been worked out, a set of selective case studies, com- 
prising data on different factors (socio-economic, socio- 
cultural, physical, political, architectural, etc.) was 
drawn up, along with an analysis of the data. Finally, 
a synthesis of all the case studies was compiled. 


In the present series, selected case studies are published 
as follows : 


Vol. I Kenya, Zambia 

Vole. LI China, Thailand 

Vol. ILI New Mexico, (U.S.A.), Mexico 

Vol. IV Tunisie, Céte d'Ivoire(in French only) 
Vol. V Ecuador (issued in Spanish only) 


The synthesis appears as volume VI. Volume VII contains 
guidelines for policy makers and professionals in deve- 
loping countries, and covers the scope, advantages and re- 
quirements of earth construction. It deals with the need 
for builders to understand why and where earth can effi- 
ciently be used as a material and with the difficulty of 
choice that is presented. It also illustrates the logical 
sequence in deciding whether or not to use earth. 


Volume VIII, designed for middle-level technicians, is a 
primer on earth construction, and deals with such matters 
as building material characteristics; production and cons- 
truction methods; design in general and for natural disas- 
ter regions in particular; economic aspects; etc. 


Finally, various audio-visual] materials were produced in 
order to make the scope of the project (first stage) more 
immediate and to provide more detailed information on the 
characteristics of earth as a building material and on 
appropriate building methods (second stage). 





FOREWORD 
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- It was emphasized that the existing polarization of opinions with regard to what should be regarded 


as appropriate building technology for any developing country must cease. With widely divergent condi- 
tions existing in developing countries, no single pattern of technology could be considered as univer- 
sally appropriate. In the selection and use of building technologies, it would be necessary to rely 
upon the whole range of technologies available. ... 

. There seemed to be a general consensus in many countries that it was important to previde tools 
for a more informed choice of technology. That would make it possible to pinpoint those conditions 
for which a technology should be appropriate and consequently to select a technology which would prove 
appropriate to a certain area and type of project. ... 


Ref. : in "Report of the ad hoc expert group meeting on the development of the indigenous construction 
sector - Nairobi, 25-50 November 1981" - United Nations Centre for Human Settlements (Habitat) ,Nairobi 
1982, 5 


The approach used and the form given to this “Earth Con- 
struction Primer” have been determined by a desire to put 
forward the widest possible range of solutions for earth 
architecture, with a view to facilitating informed deci- 
Sion-making. A knowledge of the real potentialities of 
the material means that they can be used to greatest 
effect, and, more important still, their misuse avoided. 
The latter is of key importance, if the capabilities of 
earth are not to be denied because of failed demonstra- 
tions due to ignorance, or even negligence. 


Building in earth can be approached from the same high 
levels of technology and science, as other construction 
technologies. The current research effort in this field 
is the proof of this. There are virtually no limitations 
on the use of the material, if users are aware of how to 
profit from the wide range of its qualities and amelior- 
ate its defects. 


Both traditional applications, which represent the ac- 
cumulated knowledge and experience of centuries of use, 
and modern earth construction, which has been able to 
introduce considerable sophistication. and highly advanced 
technical research, are rich in possibilities and are 
easily adapted to numerous different contexts. It jis 
difficult, if not impossible, to evaluate the relative 
Importance of the technological approach compared to that 
of traditional architecture and vice versa. In fact many 
traditional codes of good practice conform to modern 
Standards: "scientific" know-how combines with tradition- 
al savoir-faire and it appears that it can only confirm 
the correctness of traditional solutions to technical and 
architectural problems. These two approaches have their 
inherent qualities and deficiencies and are similar in 
their effectiveness as well as in their inconsistencies. 


The object of this book is not to make any fundamentally 
new contribution to earth architecture but rather to en- 
courage reflection about building in earth taking the 
entire production process into consideration. This is a 
question of providing the information upon which logical 
and sensible decision-making can be based, with a a 
permanent exchange between the global approach to the 
Various problems, which takes cultural, social, and 


economic parameters into account as well merely technical 
factors, and an approach which concentrates on the 
details. 


At first sight the existing collective experience of 
building in earth may seem like an enormous jumbled puzz- 
je. However, long and slow work shows that the puzzle 
can be solved by assembling and ordering the pieces, and 
patiently working out where they fit. 


Our first wish has been to assemble the many bits of 
information scattered throughout the abundant general 
literature, classify, and order them, and finally sim- 
plify them so that they are accessible to a wide range of 
interests and abilities. To this end texts and illus- 
trations have been deliberately kept simple and deal only 
with the essential. All problems which could arise are 
dealt with at various levels as the process proceeds: in 
the decision-making phase, passing through the logical 
and ordered planning stage, to the design and, finally, 
the realization of the project. This desire to order the 
accumulated knowledge should, if these ambitious goals 
are attained, make this knowledge easily accessible, and 
most of all give it didactic form. As this manual jis not 
only intended for people involved in actual work on site, 
but also for giving backers and other persons involved 
the necessary training, applications are also discussed. 


This “primer” is furthermore intended to serve as a 
practical manual and teaching handbook.. It is aimed at 
all persons involved in earth construction projects: 
decision-makers and planners, building inspectors, 
architects and engineers, technicians of all levels, 
building promotors, bricklayers, and sub-contractors. 
Apart from these it is our hope that this work will also 
be consulted by students and members of the public in 
search of information. 


Inevitably the desire to classify and simplify informa- 
tion, so that the essential problems are discussed at 
every level, will make some readers wish for more detail- 
ed information. It is hoped that such readers will make 
use of the numerous bibliographical references, which 
will guide them to more specialized information, or to 
get in touch with the authors. Even so this primer is 
the first of a collection of specialized works, currently 
in preparation, which will go into more detail on the 
various subjects and matters mentioned here. 


It is our sincerest hope that this book will be a source 


of inspiration for training programmes, and encourage 
effective and logical construction practice. 


The authors, Brussels, December 1984. 


Houben Hugo Guillaud Hubert 
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100 BUILDING IN EARTH 


Ever since man learnt to build homes and cities, earth 
has undoubtedly been, and still is, one of the most 
widely used construction materials in the world. 

There is hardly an inhabited continent, and perhaps not 
even a country which has not built a heritage of build- 
ings in unbaked earth, whether ancient or modern, in ali 
its richness and diversity, and even nowadays more than a 
third of all humanity lives in a home built in earth. 
The diversity of earth architecture is the result of an 
immense range of techniques, providing an almost unbe- 
lievable wealth of popular know-how, in an. extremely wide 
range of natural, historic, cultural, and socio-economic 
environments. Variety and universality are not enough to 
indicate the significance of earth architecture. Raw 
earth has been associated with the architecture of the 
poor as well as of the rich, the popular as well as of 
the eclectic, the simple as well as of the monumental, 
the ancient as well as of the modern, and even of the 
contemporary. 








101 DIVERSITY 


To build in earth, fs to build with a material 
which we trample with our feet every day of the 
week. However, earth can only be used for con- 
struction purposes, if it has inherently good 
cohesion, provided by the presence of clay, which 
acts as a natural binder. 


Earth architecture is a surviving witness to the 
history and culture of humanity, particularly in 
regions where familiar landscapes have been richly 
endowed with earth structures. 


In the tradition of earth construction, we can 
recognize numerous building methods with an infin- 
ity of varieties reflecting the identity of the 
locations and cultures. In fact 16 main methods 
of using earth as a construction material are 
recognized. Among these seven are very commonly 
used and represent the main classes of technique. 


ADOBE : Sun-baked earth brick, is more commonly 
known as adobe or adobe brick, and is made using a 
thick malleable mud to which straw is often added. 
Traditionally adobes were shaped by hand, in wood 
or metal moulds, but nowadays the use of machines 
is widespread. . 3 


RAMMED EARTH: The earth js compacted in formwork. 
In many countries, wooden forms and rammers were 
used. The technique makes {t possible to build 
monolithic walls in compacted earth. 


COMPRESSED EARTH BLOCKS: The manual production of 
earth blocks by compressing them in small wooden 
or steel moulds has been practised for centuries. 
Nowadays the process has. been mechanized and a 
variety of presses are used, including manual and 
hydraulic presses and completely integrated 
plants. Products range from accurately shaped 
solid, cellulas, and hollow bricks to flooring and 
paving elements. 


COB: Sasically the cob procedure consists of 
stacking earth bails on top of one another and 
lightly tamping them with the hands or feet, to 
form monolithic walls. The earth is reinforced by 
the addftion of fibres, usually straw from various 
types of cereal or other types of vegetable fibre, 
such as grass, twigs and so on. 


STRAW-CLAY; In this technique the soil used js 
very clayey and is dispersed in water to form a 
greasy slip which is then added to the straw. The 
role of the earth is to bind the straw together. 
Straw-clay can be easily adapted to the prefabri- 
cation of various building components, such as 
bricks, insulating panels, flooring blocks. 





WATTLE AND DAUB; A bearing structure, usually 
wooden is filled with @ daubed lattice or netting 
woven from vegetable matter. An extremely clayey 
eartn is used which is mixed with a straw or other 
sort of vegetable fibre to prevent shrinkage upon 
drying. 


DIRECT SHAPING: This very ancient technique fs 
widely used in many countries. It makes use of a 
piastic earth and makes ft possible to mode! forms 
directly without using any kind of mould or form- 
work, Qniy the hands of the builder are required. 


Nowadays it is the techniques of adobe, rammed 
earth, and the compressed block which are the most 
widespread and have reached an extremely high 
scientific and technological levels. It is 
perhaps regrettable that these three techniques 
now dominate the field to the detriment of the 
others, which are still of a certain interest. 


A WIDE RANGE OF APPLICATIONS 


The earth construction techniques mentioned above 
are highly flexible and permit the construction of 
a wide variety of components and construction 
systems. 


» Foundations 

. Base course 

- Walls and pillars 

« Openings 

~» Floors and pavements 
« Flat and pitched roofs 
« Arches and domes 

. Tiles 

. Insulating elements 
« Stairs 

. Flues and chimneys 

« Built-in furniture 
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. and so on. 


These are of course not the only elements which 
can be built in earth. There are numerous other 
applications which lie outside the exclusive field 
of home construction: 

- gutters 

» footways 

. canals and reservoirs 

. bridges and aquaducts 

. car parks and landing strips 

. roads 

« dams 

» embankments 

« and many, many more, 











OIRECT 
SHAPING | STACKED 
EARTH 
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Thirty percent of the world's population, or. 
nearly 1,500,000,000 human beings, live in a home 
in unbaked earth. Roughly 50 % of the population 
of developing countries, the majority of rural 
populations, and at least 20 % of urban and 
suburban populations live in earth homes. It may 
even be that these figures understate the true 
situation. The writings of several authors tend 
to confirm this point of view. For example it has 
been observed that in Peru 60 % of homes are built 
in adobe or rammed earth. In Kigali, the capital 
of Rwanda, 38 % of housing is built in unbaked 
earth, while in India the 1971 census shows that 
72.20 % of al] buildings are in earth, that is to 
‘say 67 million houses inhabited by nearly 375 
million people. To return to the Africa con- 
tinent, we see that the great majority of rural, 
and even urban, structures are in "“banco” (West 
Africa), "thobe" (Egypt and North Africa), "dagga” 
(South East Africa) or in "leuh" (Morocco). This 
understandable diversity of these names also 
reflects the great variety of construction tech- 
niques and the very refined knowledge of the 
engineering qualities offered by earth, which have 
been known to man since earliest times. 


—— 
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From the most humbie rented hut to granaries in a 
riot of shapes, from palaces on the banks of the 
Niger to the ksour and kasbah of Southern Morocco, 
from the fortified homes of the Somba tribe in 
Benin, to the shell huts of the Mousgoum tribe in 
Cameroun, from town houses to the mosques of Mali 
(at Ojenné and Mopti) - the earth architecture of 
the African continent reflects the spirit of the 
site, the material and the builder. Earth archi- 
tecture has also deep roots in the Middle East, in 
Iran, the heart of Ancient Persia, Irak, cradle of 
the Sumerian civilisation, Afghanistan, North and 
South Yemen. The techniques of the barrel vault 
and dome were perfected in Iran, as the ancient 
centres of Bam, Yazd, Seojan, Tabriz bear witness 
to. At Shibam in South Yemen, there are cob 
buildings which are more than ten storeys high. 
In China, in the cities ov” Henan, Shanxi, and 
Gansu more than 10 million people live in homes 
dug out in the loess layer. Passing on to Inner 
Mongolia, in Hebei and Jilin, at Sichuan and 
Hunan, rural dwellings are for the most part built 
in daub, adobe, or rammed earth. Rounded yurts 
have taken permanent form earth in Mongolia, 


rectangular houses with anything up to seven bays 
built in the north-eastern provinces, large 
residences with inner courtyards in Zhejiang 
Province as well as the multistorey rammed earth 
houses, the concentric ring dwellings.of the Hakka 
of the Central Plateau (Fujian Province) the 
construction of which was continued until 1954- 
1955. Im Europe earth dwellings continue to be a 
feature of the countryside in several countries, 
including Sweden, Denmark, the two Germanies, the 
United Kingdom (in Devon in particular), Spain and 
Portugal. While in France, 15 % of the popula- 
tion, for the most part rural, live in homes built 
in rammed earth, adobe, or daub. Here we can also 
point to the immense growth in popularity of adobe 
as 4 building material in the American South-West. 
In 1980 close to 176 000 houses fin unbaked earth 
were built in the United States of Amerika, and 97 
% of these were in the South West. In California 
construction in adobe increases by about 30 % per 
year. in New Mexico, 48 adobe producers turn out 
more than four million blocks every year. it is 
estimated that do-it-yourselvers produce a similar 
number of adobes each year. 


Confronted with a twin crisis of economy and 
energy the industrialized countries have started a 
dialogue on the revival of earth as a building 
material ahd are backing research programmes and 
developing. applications. The United States have 
officially recognized the use of adobe and rammmed 
earth by integrating these construction techniques 
inte national and regional standards. The tnvest- 
ment in research programmes on the thermophysical 
characteristics of earth runs into millions of 
dollars. France has outlined the areas in which 
research into earth as a building material should 
be concentrated in the coming years. The budget 
devoted to research into these priority areas is 
close to 24 million francs, 83 % of which will go 
on into operational research and training. The 
construction of 72 experimental homes (Village 
Terre de I'isle d'Abeau) is evidence of the com=- 
mitment of the country to the use of real projects 
for research purposes. Programmes of research 
have also been started in the Federal Republic of 
Germany, Switzerland, .and Belgium. National and 
international colloquia have multiplied not to 
forget the appearance of a specialist training 
course for architects and building technicians 
(e.g. France). 
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In the develaping countries, construction in earth 
appears to be an effective means of building homes 
in the short term so that the greatest number of 
people can be housed, which at the same time 
encouraging the use of local resources for build= 
ing materiais, the training of buiiding tech- 
nicians and craftsmen, and the creation of jobs. 
"A material is not attractive in itself but rather 
in terms of. what it can do for society as a 
whole”, as John Turner so succinctly puts it. The 
demand for homes in the developing countries at 
the present time is immense. Recent statistics 
(Cache) show that no less 36 000 000 homes must be 
built between now and the year 2000 for the urban 
population of Africa alone. Feasibility studies 
indicate that the population affected by this 
immense programme have no other choice than to use 
lecal material, which in the majority of cases 
means using earth. We cam expect that 20 % of 
urban dweilings fin the developing countries, that 
ig to say some 7 000 000 units, will be built in 
earth in the coming twenty years. This means a 
construction rate of 350 000 units per year. That 
this is an underestimate can be seen, when the 
numbers of required in rural areas are added. 
Thus, regardless of whether one is for or against, 
earth will continue to be one of the foremost 
building materials in the years to come. What at 
one time was purely and simply a necessity for the 
poorer peoples of the world may now very well 
become a matter of preference. Here it is worth 
noting the exemplary attitude expressed by the 
Peruvian newspaper "Correo" in its January 31, 
1978 issue, "Adobe will become the star of the 
Peruvian architecture™, Similarly the Mali 
newspaper "L'Essar", wrote in 1980 of the urgency 
“of reversing the current trend in building... and 
setting up realistic programmes for home cons- 
truction and town planning making use of earth, 
water, sun, and above Mali manpower", The late 
Mrs Indira Gandhi also spoke in this vein, witness 
this. statement made in 1980, "All the new houses 
are built for energy consumption. ... whereas our 
old houses are not. You can't keep all of it (the 
old technology)... but | think a lot of ft can be 
adapted and made more efficient". 

So it seems that the universal use of earth for 
construction will continue to figure in the future 
of all mankind. 
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The history of building in earth is not well-docu- 
mented. Interest in this material, often regarded 
as being inferior and archaic, has been eclipsed 
by that devoted to stone and wood, the "noble" 
materials. Nevertheless it is earth which is 
associated with the decisive eras of the urban 
revolution and which served the daily requirements 
as much the prestige of the greatest civilizations 
of ancient: times. Archaeological findings at many 
a site have borne witness to this. The debris of 
time has not been able to hide the barely con- 
cealed accumulated evidence. Our age is rescuing 
the remains. Ruins are laid bare and marked out, 
categorized, protected and restored. The further 
we go back in history the more earth seems to be 
the material of choice of building man, from the 
most distant past down to the present day. 
Construction in earth was developed independently 
in all the main cradles of civilization: in the 
lower valleys of the Tigris and Euphrates, on the 
banks of the Nile, the Indus and the Huangho. 
These fertile regions favoured the settlement by 
communities of hunter-gatherers, which was the 
essential precondition to the transformation into 
a farming culture. 

These clayey and sandy alluvial soils, mixed with 
straw from cultivated cereals gave man his first 
solid and durable construction material, which the 
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change to sedentary habits made necessary. This 
was the mud brick. But even before the Neolithic 
era, the semi-permanent shelters of hunter-gather- 
ers were constructed partly in earth. Huts made 
of branches covered with clayey soil, undoubtedly 
formed a feature of the Mesolithic landscape, the 
age in which mandkind domesticated small live- 
stock. Prior to this, hunting peoples built huts 
made from branches covered with animal skins. 
Evidence for this comes from the Olduvai site in 
Tanzania and the Molodova site fn the Ukraine. 
Whatever contacts there may have been between 
different civilizations using earth as a building 
material, we may be fatrly sure that the use of 
the material arose in each region independently. 
The findings we know from archaeology justify both 
@ regional and global approach, while other 
disciplines (History, Anthropology, Ethnology) 
helps us determine the direction of cultural 
influences from the study of migrations, con- 
flicts, and cultural contacts. These links, both 
assumed and confirmed, make it possible, albeit 
cautiously, to evaluate the likelihood of the 
passing on of construction techniques. Here we 
will briefly examine the major centres of civilf- 
zation, reconstructing a minimal portion of the 
available material, 
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AFRICA 


The role played by the African continent in human 
evolution has been immense. Mankind probably made 
his debut on the world stage in Africa (Rift 
Valley and the Olduvai Gorge). Africa has also 
been the home of Egyptian civilization, which 
flourished for close ta three millennia. Homes 
constructed from woven reeds and branches covered 
with clay or filled with clods of earth were used 
in the first human settlements found at the 
Merimdé and Fayum sites in the Nile Delta, which 
date from the fifth millennium before Christ. 
Advanced civilization makes it appearance in 
Africa with the establishment of Egyptian dynas- 
ties (2900 before Christ). The Nile valley 
provided the prime building material : clayey silt 
mixed with the sand ef the berdering desert to 
which the straw from cultivated grains was added. 
At first this material was shaped by hand, but 
subsequently moulds were used to form unbaked 
bricks which were allowed to dry in the sun. The 
first mastabas (an oblong tomb) for royaity and 
high-ranking officials were built’ using mud 
bricks. Their outside walls were stepped, perhaps 
in imitation of Mesopotamian structures. Excava- 
tions at Saqqarah and Abydos indicates the deve- 
lopment towards sloping bricks walls, which were 
subsequently covered with stone. Earth was not 
eclipsed by stone, the eternal material, which was 
first used in the limestone temple at Saaqarah, 
constructed by Imohotep. Rather it was reserved 
for civil architecture, the mansions and palaces 
of nobles and kings as well as for rural dwell- 
ings. J.P. Lauer has clearly shown that the stone 
shell at Saqqarah imitates the techniques and 
forms of traditional sun-baked brick and clay- 
daubed wattle. Earth was immortalized by stone. 
The written or painted decoration of funerary 
monuments confirms the use of sun=baked brick up 
till the most recent eras of Egyptian civilfza- 
tion. Archaeological traces are, however, rare as 
the material has not stood up to well to time. 
The main remains left to us are at the Tel ei- 
Amarna (Echetaten) site in Middle Egypt, and at 
the necropolis at Thebes. Furthermore, there are 
the little pottery "houses of the soul found in 
tombs, which give us an idea of the sort of 
dwelling ordinary people lived fn. in the Tel 
el-Amarna centre, built in the New Kingdom (1552- 
1070 BC), we find the homes of artisans and 
nobles, palaces and temples, all built in sun- 
baked brick. The ordinary man's home often 
consisted of one or more rooms with earthen walls 
dressed with chalk, The richer homes of the 
nobility were spacious, enormous reception rooms 


connecting with various chambers and a drawing 
room with a central pillar, as well as lavatories. 
A& the bottom of the garden there were anciliary 
buildings (storehouses, stables, and kitchens) and 
the servant quarters, also in sun-baked brick, At 
Deir el-Medineh, a village for artisans who worked 
on the necropolis at Thebes, al] the houses are 
terraced, and were built in mud brick on stone 
foundations. Each house offers in succession a 
reception room, a dayroom, a sleeping room, and a 
kitchen. A stair provides offers access to a flat 
roof. This village in sun-baked brick was inha- 
bited and occupied for 400 years by generation 
after generation of royal artisans. The Egyptian 
builders also developed the art of brick vaulting, 
as can be seen in Lower Nubia, between Luxor and 
Asswan (the Ramesseum granary, about 1200 8C). 
Although brilliant, Egyptian civilization remained 
extremely conservative and isolated. in the long 
run it had only a limited influence on those 
African cultures which developed semi-permanent 
homes consisting of huts made from branches 
covered with clay, or made entirely from earth. 
Numerous shapes and techniques were used. The 
nerthern regions of the African continent were 
influenced by successive Mediterranean civiliza- 
tions, which had the effect of spreading the use 
of sun-baked brick and rammed earth. East Africa 
was affected by people coming from the Indian 
Ocean (Melanesians) who used daub and direct 
shaping. The migration of the Kushite and the 
influence of the Axum Kingdom (3ra to 8th Cen- 
turies AD) from Nubia as far as Kenya may have 
spread the use of sun-baked brick. Islam, how=- 
ever, had a far greater influence. Beginning in 
the ith Century, it breught about profound 
changes in the appearance of the ancient centres 
of Africa and intreduced the architecture of the 
mosque. These were for the most part built in 
earth, using the techniques locally available, 
which could vary from direct shaping, daub, or 
sun=baked brick. Among the most beautiful exam- 
pies are the mosques of San, Djenné, and Mopti in 
Mali, which have served as models for neighbouring 
countries. Oespite all these real and theoretical 
influences, the enormous African continent has 
nourished specifically African cultures which have 
mastered and perfected the art of building in 
sun-baked earth. These techniques were spread by 
the kingdoms of Ghana (8th-1i1th Centuries), the 
Malinké kings of Mali (13th Cent.), the Songhay 
kingdom (14-16th Centuries) and the Hausa States 
(10th-19th Centuries), right up to modern times, 
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The oldest settlements in Europe date from the 6th 
miltenium before Christ. The primitive dwellings 
of the Aegean coast, Thessaly (Argissa, Nea-Nico- 
demia, Seskio) were of woven wood and clay which 
subsequently into groups of square structures 
built from sun-dried brick. On the Sesklo site, 
the homes found in the upper levels were built 
with daub and dried brick, and had an oblong floor 
plam and an upper ficor (4600 8C). The form 
evolved into the megaron which came to occupy a 
leading position in Creek architecture. This type 
of home was carried into inland Europe, to be 
replaced by structures in wood and earth in the 
North. These were the homes typical of the Danube 
cultures which were widespread Central Europe 
throughout the Bronze Age (1800-570 BC). Excava- 
tions at Kdln-Lindenthal (Germany) have unearthed 
traces of wood and earth cabins with four naves, 
which sometimes were as much as 25 m jong and 8 
metres wide. in the Aegean the Mycenae built 
numerous fortresses in the late Bronze age under 
pressure of attacks by the Dorians. "Cyclopean” 
walis fin stone replace unbaked earth, which was 
reserved for the protected homes in the akropolis 
(Tyrinthe). In the same era the relative isola- 
tion of the island of Crete favoured the develop- 
ment of the Minoan civilization. The superb 
palaces of Knossos, Phaistos, and Mallia used 
unbaked brick jointly with tuff, gypsum, schist, 
marble and wood, and these materials were painted 
dark red, deep blue and various ochre tints. 
Archaeological diggings at Acrotir{i on Thera, an 
island close to Crete, the famous ceramic ma- 
quettes in the Heraklieion Museum, dating from the 
Middle Minoan period (1900_1600) confirm the 
importance of half-timbered construction § in 
domestic architecture, Houses had one or two 
floors. They were timber-framed and infiiled with 
daub or sun-baked brick. On the Greek mainland, 
the dark age which ensued after the Dorian inva- 
sions (1100-700) were marked by a return to wattle 
covered with mud. in the 8th Century the country 
reorganised into regional states. The work of 
R.V. Nicolls show that at Smyrna homes had apses 
and were protected by thick outer walis in earth 
brick. These oval houses measuring 3 x 5 m with 
earth brick walls, coated on the ouside, and which 
were not provided with foundations or a base. The 
apsidal megaron evolved into the oblong megaron. 
By the end of the 3rd Century BC in Athens, a city 
had grown up at the foot of the splendid Acropolis 
of Phidias, consisting of dense quarters built in 
earth brick, with tiled or thatched roofs, giving 
the impression of a village, according to Di- 
cearch, The. use of "Pentadoron and "Tetradoron" 
bricks continued until the Ist Century 8C, as 
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Vitruvius observed, "The walls of the Temple of 
Jupiter and the chapels of that of Hercules..., 
the house of Croesus at Sardes as well as the 
palace of the mighty king Mausolus at Halicar- 
nassus were ail built in earth brick." The first 
settlements on the banks of ancient Phoenicia date 
from the seventh millenium before Christ. Digs 
carried out about 20 years ago in the south of 
Syria's western regions appear to indicate the 
influence of the surrounding cultures (Jericho- 
Munhata) which developed the use of earth brick at 
avery early date (the Tell de Ras Shamra site). 
As the use of Tyre stone reached a peak (Tyre, 
Siden, Ugarit) earth was reserved for use on flat 
roofs, rammed and rolled in successive layers over 
laths, or fer rural structures. It seems that 
builders in these regions developed the earth 
brick dome at a very early date, by resorting to 
corbelling, for the construction of conical grain 
silos. it is not known if the rammed earth 
tradition which can be observed in Lebanon and 
Syria are of such distant origins. This tech- 
nique, however, was used for the construction of 
the Punic villages when the Phoenicians trans- 
ferred their civilization to the shores of the 
Central Mediterranean (founding of Carthage in 820 
BC}. Pliny describes the method in his Natural 
History, "What must we say about the rammed earth 
walls which we can see in Barbary (Carthage) and 
in Spain, where they are called moulded walis, as 
the earth is moulded between two boards...; there 
is no cement or mortar which is harder than this 
earth ; ...the watchtowers and lookouts built by 
Hannibal in Spain ... are in rammed earth." 
Excavations at Carthage on the hill of Byrsa, have 
confirmed that rammed earth was used for the 
construction of homes. According to Strabon six 
storey buildings in rammed earth brick, sometimes 
limewashed or faced with marble, were common in 
this vast city of 700,000 souls in the 2nd century 
BC. 
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Rome was no more than a large farming village when 
it was caught up by Hellenic influences reaching 
it indirectly through the Etruscans in the early 
7th Century. The dwellings consisting of wooden 
huts rendered with earth and covered with thatch, 
on the seven hills, slowly gave way to oblong 
houses with earth brick walls. This material was 
used for the first sacred and public buildings of 
the Republic (4th and 3rd Cents.) but was saon 
displaced by tuff and marble, and later by traver- 
tine, which was the most prestigious material of 
Imperial Rome. Sun-baked brick (lidio) continued 
te be the material used in more modest houses and 
for the dwellings of the poor, until the Augustan 
era. Vitruvius refers to it in his "De architec 
tura’, Indeed he had a considerable regard for 
the material, saying "(it is) extremely useful as 
({¢) dees not load the walls.” He recommends its 
use saying, ™...0n condition that the necessary 
care is taken to use it properly”. Unbaked brick 
was, however, limited to use outside the towns by 
taws which forbade thick walls. In Gallic Celtic 
territory, the tron Age (750 BC - 50 AD) settle- 
ments took the form of the “oppidum", with smail 
houses in wood, daub, and cob behind fortifica- 
tions. In Mediterranean Gaul, Hellenic and Car- 
thaginian influences introduced unbaked beick and 
rammed eacth. An influence which Vitruvius re- 
ports observing at Massalia (Marseille) and which 
has been confirmed by excavations at the La 
Lagaste and Entremont sites. Before the Romans 


spread the use of baked brick and blockwork 


throughout the Empire, unbaked earth was widely 
used in Cisalpine Gaul in rural and even in urban 
structures. Digs at Lugdunum (Lyon) have recover- 
ed timber frame structures which were infilled 
with defied earth brick and daub. The Latin verb 
“pinsare" for the action of ramming earth (the 
French pisé) suggests that the technique was known 
to the Romans, although excavations have revealed 
very few traces of it. The periods of decline of 
the Middle Ages (the Dark Ages) witnessed a return 
to the rudimentary structures in wooed split 
lengthways and in daub. These techniques predomi- 
nated in rural areas until the Late Middle Ages 
until growing skill fn carpentry introduced the 
timber frame building with infillings in daub or 
brick. Even so it was not until the i8th that 
dwellings all in raw earth, cob, rammed earth, and 
brick was able to reestablish itself in most of 
the rural areas of the countries of Europe, and 
once established persisted during the entire 19th 
Century. The ideas of the Enlightenment as 
transmitted by the Physiocrats, who wished to 
improve the miserable conditions of country life, 
were of key importance to the advance of rammed 


earth techniques. One of the most enthusiastic: 
promoetors of rammed earth was Frangois Cointe- 
reaux, who saw it as a way of providing cheap, 
healthy, and durable housing. His writings (no 
Tess than 72 pamphlets) were translated into 
various languages and were distributed in Germany, 
Denmark, the United States, and even in Australia, 
and undoubtedly played a role in the spread of the 
techniques in these countries. In Europe, build- 
fag in earth continued until the nineteencfifties, 
having experienced an astonishing revival in the 
years following the Second World War, a period in 
which there was a dearth of industrial materials 
and an urgent need to rehouse thousands of home- 
less people. °' The techniques were developed 
systematically in Germany and true training 
centres were set up, with the result that several 
thousand homes were built in earth. Since then, 
however, the desire for modernity has eclipsed the 
use of earth. Nowadays, however, the cost of 
energy has risen to such heights that research 
ftmto and the use of earth as a bufiding material 
has once again become a matter of lively debate. 
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THE MIDDLE EAST 


Archaeological excavations in the Middle East have 
brought quantities of information to light regard- 
ing the development of earth-built housing in 
those regions, from Neolithic times onward. The 
city of Jericho covered four hectares. The oldest 
dwellings (8000 BC) were round, with stone base 
structures surmounted by walls in earth bricks in 
the form of hand=shaped loaves. At Mureybet, in 
Syria, the upper levels of the excavations reveal- 
ed four-cornered buildings, laid out next to one 
another in a chequer-board pattern. The Tell 
Hassuna site, in southern Irak, appears to confirm 
the supposition that the first bricks were moulded 
to a parallelepiped shape. The Obeidian era (5000 
to 3200 BC) saw the appearance of a monumental 
architecture, that of the future temple cities of 
the Uruk era (3200 toe 2800 BC). The first reli- 
gious temples were constructed during the 3rd 
millenium (the temple of Eanna at Uruk, the temple 
of Enki at Eridu) in pasty brick, without the use 
of mortar. Houses at Ur were built in earth. The 
rooms were on two levels and gave out onte a 
courtyard open ot the sky. At Assur and Mari, the 
architecture of the palace of the Isin - Larsa 
period (2015-1516 8C) had earth brick walls which 
added to the fortifications. Assyria dominated 
the Near East until the 6th 8C. Nineveh with its 
immense walls pierced by 15 gates was built 
entirely in earth. In the palace of Sargon i! at 
Khorsabad earth brick was used together with the 
finest of materials, such as ivory, sandalwood, 
ebony, tamarisk, marble, basalt, gold and silver. 
The galleries of the palace were vaulted, with 
keyed barrel vauits in earth bricks with a pro- 
nounced slanting shape. Babylon continued this 
tradition of construction in earth. The famous 
Ishtar Gate decorated with blue-glazed reliefs is 
the first stage on the processional route leading 
to the temple of Marduk, which {fs overshadowed by 
the 90 m high Ziggurat of Etemenanki. The Baby- 
lonians were the first start on the path towards 
the development of reinforcement techniques for 
earth structures. Twisted ropes of reeds, as 
ghick an arm, interlaced and traversed the cores 
of the sun-baked bricks of the ziggurats. The 
Elam civilization, contemporaneous with that of 
the Sumerians, was established in south-west Iran 
and grew rapidly. Earth was the primary building 
material of the Elamites, whose lands included the 
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plains of Khuzistan, and the clayey plateaux 
rising in terraces from them. The unbaked brick 
architecture of Susa easily bears comparison with 
that of the cities of Mesopotamia, with the proud 
ziggurat of Choga Zanbil reaching a height. of no 
less than 53 m. The perfod of the Indo-European 
invasions in the 2nd Millenium before Christ has 
left only a few traces for the archaeological 
record, which remains scanty until the estab] f'sh- 
ment of the Kingdom of the Medes (9th to the 6th 
Century BC). The Medean centres of religion and 
administration were girt with thick, sharply 
indented unbaked brick. At the Medean capital of 
Ekbatana, now entombed by the modern town of 
Hamadan, it has been found that unbaked brick was 
used for the construction of load-bearing walls 
and columns. Dried bricks were laid using a 
mortar of clay. The conquests ef Cyrus the Creat 
and his successors pushed the frontiers of the 
Persian Achaemenian Empire to the banks of the 
indus in the East, Anatolia in the North, and to 
Egypt and Libya in the West. At Parsagadae (546 
BC) columns of stone together with walls of un- 
baked bricks were used and the principle of the 
hypostyle type of hall was introduced, Similarly 
at Persepolis, all buildings had high rooms with 
the roof supported by columns which were fianked 
by galleries and entrance halls at the doors. The 
ruins are impressive despite the collapse of the 
shafts of many of the columns, the cedar roofs, 
and the disappearance of the walls in unbaked 
brick faced with polished stone panels, which were 
erected between the huge deors with lintels 
decorated with an Egyptian style gerge. The 
fortifications of the Achaemenid cities such as 
Susa were built of earth. The Persian style of 
architecture reached its peak with the mastery of 
the techniques for building vaults and domes. 
Vaults were built in sections of inclined barrel- 
ling and domes were buiit on pendentives or 
squinches. The vault and the dome were not 
reserved for use in palace architecture and were 
employed widely in domestic architecture, being 
passed down the ages to Iran of the present day. 
Countless fortified sites, ghost towns with their 
abandoned homes (fortress of Bam {n South-East 
Iran) and modern towns (Tabriz, Seojan, Ispahan) 
bear witness to Persian earth architecture. 


THE FAR EAST 


We must now turn our attention to the Far East and 
the New World. We wili first complete our survey 
of the Old World, In india, at the same time as 
the flowering of Ur and Babylon, numerous cities 
grew up on the banks of the Indus. Neolithic 
sites in Baluchistan (Mehrarch) have been dated as 
stemming from the 7th Millenium before Christ. 
From these sites it has been possible to determine 
that the inhabitants lived in dwellings built in 


unbaked brick. We know in pre-Harappan times the 


ability to design encirciing walls for villages 
which were built entirely in mud brick was deve- 
loped (Kalibangan |). Of the 250 known settle- 
ments left to tell us of this Indic civilization, 
(2500-1800 BC) two were of particular importance. 
These were Mohenjo Daro and Harappa, both metro- 
polises covering nearly 850,000 m* each. The town 
of Mohenjo Daro is unique in that it was built on 
two mounds. The Western mound was occupied by 
earth brick buildings built on a platfarm of 
beaten earth surrounded by a fortified wall. 
These were probably the public buildings, baths 
and granartes. The Eastern mound was covered with 
groups of houses which had an inner courtyards and 
which fronted on long streets. These buildings 
were constructed in earth brick and faced with 
oven-baked brick. This technique {fs typical of 
the Harappan civilization of Vedic times, and can 
also be seen at Harappa, particularly in the 
remains of the city granaries, the foundations of 
which still bear witness to it. In China neo~ 
lithic farming communities appeared in the 5th 
millenium BC and settled in the north and north- 
western regions on the loess plateaux through 
which the rivers have cut. The first dwellings 
were dug out in the loess. They were 3 metres 
deep and two metres wide at the bottom clesing as 
they approached the surface. These excavations 
were of the "pocket" type and were circular or 
oval in shape. Later on the association of wood 
and earth gradually freed mankind from his trogo- 
lodytic existence in the ground. Banpo is one of 
the best known sites of the Yangshao culture. 
This settlement was established on a loess bank 
overlooking the tributaries of the Huangho and was 
clearly surrounded by a ditch and an embankment in 
earth. The remains which have been uncovered have 
revealed dozens of houses with round, oval, and 
square floor plans, varying in cross-section from 
3 to 5 m, and which were ail built to face the 
centre of the village. These dwellings, built 
partially above ground level and partially under- 
ground, give the impression of huts burfed in 
earth. A large half-subterranean house measuring 
11 metres by 10 seems to have been built at the 


centre of the Banpo village. Archaeologists think 
that it was probably 2a clan house. its groundsian 
is marked by an earth wall about one metre thick 
and 50 em high, the outer surface of which has 
been burned and hardened. This round-topped wali 
served to support a heavy wooden structure in 
which covered the house. The definitive raising 
of the wood and earth dwelling above the level of 
the soil and the transition to a rectangular plan 
took place during the Shang are surrounded by 
fertifications in rammed earth, while the Yin 
palaces of this era were built on platforms of 
rammed earth (excavations at Zhegzhan and Anyang). 
These were long houses with a wooden framework 
divided by fire-hardened compressed daub parti- 
tions. These principles were conserved during the 
Chou dynasty (12th to Sth Centuries BC). In the 
period of the Warring States (Sth to 3rd Cen- 
turies) work was begun on the Great Wall, many 
sections of which were in rammed earth. This 
6,000 km long structure was eventually completed 
by the Ming Emperors (15th to 17th Canturies). 


The appearance of earth brick as an infill for 
timber frame building or in load-bearing struc 
tures seems to date from the Han dynasty (3rd 
Century 8C to the 3rd Century AD), and the tech- 
nique was used in urban architecture under the 
Eastern Han (1st to 3rd Centuries). The Chinese — 
town adopted a square plan divided into square 
section occupied by palaces and residential 
quarters. The walls were in rammed earth pierced 
by the town's gates. Seijing retained its double 
walls until 1950. From the Ming Dynasty until 
modern times Chinese architecture has cantinued to 
build in wood infilled with daub or cob, and in 
earth brick. [t seems, moreover, that the Chinese 
developed the use of rammed earth for construction 
purposes after the Three Kingdoms period (221 to 
581 AD). Earth rammed in formwork or in long 
split wood casings held fm place by poles driven 
inte the ground allowed the construction of 
multi-storey fortified farms. These farms were 
usually oblong or circular, and exampies of this 
tradition can be seen to this today among the 
Hakka people of the Central Plateau. 
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On the American Continent the nomadic pattern of 
life of groups of hunter~gatherers lasted several 
thousand years before agriculture was to make its 
appearance. It was in Central America that the 
domestication of maize permitted the establishment 
of the first permanent pre-Columbian villages. In 
Mesoamerica numerous centres of civilization 
sprung up during the Formative period (1200 BC to 
300 AD) typified by a complex society with towns 
based on religious centres. The Olmees (Tres 
Zapotes = La Venta) and the Zapotecs (Monte Alban) 
reached this stage in about 800 8C onwards. The 
La Venta site was dominated by a pyramid built fn 
earth, no less than 65 metres wide and 35 metres 
high. Housing appear to have been an open system 
of small rectangular buildings constructed in 
light materials, such as wood, daub, or balls of 
earth, covered with palms. The use of sun-baked 
brick appeared in between 500 8C and 600 AD, 
depending on the degree of complexity and hier= 
archization of the society. Stone was used for 
facing "teocali", the name for the earth mounds 
and temples built upon them. In the Classical 
period (300-900 AD) the Pyramid of the Sun was 
built at Teotihuacan on a square base with a side 
of 225 m and rising to a height of 63 m. This 
structure was faced with lava and was built around 





a core of two million tons of rammed earth. The 
temples bordering the four kilometre long "Way of 
the Dead" were designed along the same lines. 
Excavations on the outskirts of the ceremonial 
centres have uncovered various dense residential 
areas. Remains of sub-foundations {n masonry, 
levelled to the ground, suggests that the upper 
walls were in earth brick rendered with lime. In 
the 13th Century, the Aztecs captured the marshy 
islands in Lake Texcoco (site of Mexico City) and 
slowly built their city of Tenochtitlan, the 
splendid city described by the contemporary 
chroniclers of the conquering Spanish. It was 
organized into four administrative regions centred 
on the cultural hub. The residential districts 
covered close to 1,000 hectares. The palaces had 
an administrative floor as well as a floor for 
receiving visitors and Tliving quarters. The 
coloured houses had a single floor and terrace 
roofs, They were for the most part built entirely 
in earth bricks, which were whitened with lime. 
Stone was reserved for the palaces, religious 
buildings and defensive structures. The superb 
city of Tenochtitlan was razed by the troops of 
Hernan Cortés in 1521, 
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In South America, the use of earth predominated in 
the alluvial plains and on coast which, unlike the 
mountain centres, lacked copious supplies of 
stone. The most ancient "“huaca™ (funeral totem) 
of the Andean region consist of heaps of stones, 
which subsequently became pyramids designed as a 
shell of earth brick which was filled with pebbles 
and then levelled off with rammed earth (Ria Secs, 
1600 BC). Im Peru, at the Cero Sechin site there 
is a Chavin (1000-200 8C) conical temple in earth 
brick encircled by a ring of engraved stela. The 
use of earth was used widely by the Mochica cul 
ture (Znd - 8th Cent. AD) of the Pacific Coast. 
The Mochica irrigation canals were true embanked 
aqueducts in rammed earth and unbaked brick, and 
en the river Meche stand the biggest pyramids ever 
built in unbaked brick, the Huaca del Sol and the 
Huaca de ja Luna. Their internal structure 
consists of cliose-set pillars in parallelepiped 
shaped earth brick. Chan Chan, the capital of the 
Chimu Empire, was built in the ith Century 
entirely in dried brick. Girt with an enormous 
earthen wall, the whole city covers an area of 
some 20 m* and includes a dozen or so walled 
palaces. In the Von Tschudi quarter, the adobe 
walls are decorated with lattice work and zoo- 
morphic reliefs in maulded clay. The majority of 
the mountain cities (Cuzco, Pisac, Machu Picchu) 
were built: at the height of the Inca Civilization 
(1493-1525) using enormous stone blocks. On the 
Andean coast, however, earth continued to be used. 
In the Rio Pisco valley, the city of Tambo Color- 
ado was built entirely from cubic blocks of 
unbaked earth. The walls were rendered with clay 
brightly coloured in yellow or red. The great 
majority or rural housing, including the dwellings 
of the curaca (village chiefs) and the tucricuc 
(administrator) was undoubtedly built in earth. 
In the Rimac valley, rich residences in adobe and 
tapia (rammed earth) have recently been restored. 
Nowadays, adobe and tapfa continue to be the 
predominant building materials in Central and 
South America. 


In North America, the Indian cultures of the 
South-West developed the use of earth for con- 
struction purposes at a very early date. The 
dug-out homes of the Hohokam (Snaketown, Arizona) 
are built in wood and covered in earth (Colonial 
period, 500-110 AD). Under the impulse of the 
Anasazi (1100-1450), the Hohokam built homes at 
ground level and subsequently with upper floors 
entirely in earth. The Casa Grande site reveals 
walls constructed from banks of cob which are 1.50 
m long, 1.20 m thick, and 60 em high. The Mogol- 
lon culture developed a dwelling of a character- 
istic shape rather like a short pipe, which was 
built in wood and covered in earth. Even so the 
Anasazi culture, which represents the common 
heritage of numerous Indian tribes of the American 
SouthWest (Hopi, Zuni, Acoma, and Pueble), has 
left the most remains. 


The Basket Maker |! and !1 periods (0-500 AD) is 
characteristic for its circular dug-outs known as 
shallow pit houses, which were made from wooden 
poles and branches covered with earth. With the 
Basket Maker il culture (500-700), these dwellings 
became rectangular in shape and assumed the shape 
of a truncated pyramid, but continued to be built 
in wood and earth (Mesa Verde). With the Pueblo |! 
and {ti phases (700-1100) the structures of the 
above-ground dwellers became more solid, and walls 
were coated with daub (Wattle houses) or with 
bails of earth filling the gaps in the framework 
(Jacal houses). Spreading out from ‘the canyon 
sites of New Mexico (Mesa Verde, Chaco Canyon, 
1100-1300), the Anasazi migrated to other mesa or 
valley sites. The alluvial banks of the Rio 
Grande and the Rie Puerco offered loams and sands 
suitable for use as building material. The 
architecture of the Pueblo Indians shews how 
perfect was their mastery of earth brick tech- 
nique. At Taos, the tiered houses form a gently 
tapering pyramid. The adobe walls are rendered 
with earth mixed with finely chopped straw, or 
balls of earth pressed and smoothed by hand. The 
roofs with their prejecting rafters are covered 
with brushwood and then finished with rammed 
earth. This highly developed home served as the 
cultural model for the Hispano-Mexican adobe 
architecture built since then in American Sauth- 
West. Nowadays adobe and rammed earth are key 
elements in the tremendous development which 
"solar" architecture is experiencing in all these 
countries. 
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200 SOIL 


Soil is a stage in a long process of deterioration of the 
parent rock and physico-chemical evolution. Depending on 
the parent rock and climatic conditions soil appears in 
an infinity of forms possessing an endless variety of 
characteristics. 


It is essential to be aware of the properties of a soil 
before using it for construction. These properties fall 
into four main categories: grain size distribution, 
plasticity, compressibility, and cohesion. 


Soils must be classified in order to rationalize and 
optimize the exploitation of knowledge of their proper- 
ties. Nowadays, the most useful classifications are 
those due to engineering geology and soil science. 
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201 SOIL FORMATION 





































ae DEFINITION | 3 - PROCESS 3 : VERTICAL LEACHING OF 
VARIATIONS IN TEMPERATURE SOLUBLE MINERALS 

The ground is the solid part of our planet. At 

its surface it becomes soil - a loose material of In a rainy climate soluble minerals migrate 

varying thickness, which supports vegetation, and downwards. This process is known as leaching. In 

bears humanity and its structures. Sofi is the dry climates with high evaporation rates, soluble 

result of the transformation of the underlying minerals tend to migrate to the surface enriching 

parent rock under the influence of a range of the soil. This migration of elements, which may 

F ; EVAPORATION 

physical, chemical, and biological processes be hastened or slowed by the climate, the permea- — 
related to biological and climatic conditions and bilfty of the soil, and by the kind of humus 


formed, creates more or less distinet layers in 
the soil and determines the horizons, which 
The formation and development of a soil is the constitute the profile, which ts the object of 
result of the more or less simultaneous interac- study by pedotogists, or soil scientists. (Pedo- 
tion of three different processes. logy studies the physical, chemical and biolagicai 


characteristics of soils). 
1 = PROCESS 1 : TRANSFORMATION OF THE 
PARENT ROCK Soils can be divided into main groups. There are 


the young or "undeveloped" soils, which are shale- 
Tow soils, not much different from the underlying 
rock, and are often made up of single horizon. 
The others are the “developed” soils, which are 
deep, and typefied by a succession of leached and 
enriched horizons. 


to animal and plant life. 


ag = 


When the parent rock {is lafd bare by erosion, a 
number of climatic factors immediately start to 
act on it - sun, rain, frost and wind: The parent 
rock, which may be hard (e.g. granite, schist, 
sandstone), soft (e.g. chalk, marl, clay), or be 
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loose (e.g. sands, scree, loess), is cracked, 
broken up into smaller components, and Essentially the origin ‘of a soil is largely the 
dissociated. Finally, climatic factors bring product of the nature of the parent rock, the 
about chemical changes. The results of this | climate, the vegetation, and the topography. 
process is a mixture of elements, minerals which 
have dissociated together with these which have | MAIN HORIZONS 
not undergone any transformation: pieces of stone, 
gravels, sands, and powdery silts; an amalgam or A cross-section of the ground makes it pessible to 
or “alteration complex" resulting from the chemi- observe the various soil layers. 
cal alteration of minerals: a clayey paste colour- AQ An organic layer of only partially decomposed 
ed ferrous oxides, more or less soluble salts of organic material covering the mineral soil 
Ca, Mg, K, Na, and others. (more than 30 % of organic material). 
Al Mixed horizon, a mixture of organic materials 
2 = PROCESS 2 : FURTHER ALTERATION BY (= 30 %) and minerals. 
ORGANIC MATERIAL AZ The “eluvial® horizon, poor in organic 
materials, clays and ferrous oxides often 
The dissociated and altered soil, made up of Teached out, discoloured. 
minerals and elements, is then colonized by a A3 Transition between the "eluvial™ and "{1luvial' 
flora and fauna which enriches {ft with chemical regions, region where colloids start to See 
and organic substances known collectively as accumu] ate. 
humus. The properties of the humus differ with | B1 Ferrous layer containing organic material and ow«one 
the climate, the parent rock, and the vegetation. oxides of Fe and Al (sesquioxides) oes 7 
Under {ts influence and that of the B2 The "filuvial" horizon, enriched by the =a. 
climate the minerals in the soil continue to be accumulation of clays and ferrous oxides. ef vk 
altered. The new undeveloped soil, is homogeneous B3 Transition layer between 8 and C, B HORIZON PLR 
and its physical, chemical and biological charac- C Broken original material. ciceenon ease otal 
teristics continue to be determined. | R Unaltered parent rock. coca 
Ns | Numerous sub-classifications have been adopted to C HORIZON = 
‘Say | describe specific conditions. The determination ORIG, MATERIAL 







“ss 
WAS SS 38 SF 


R HORIZON 
PARENT ROCK 


| of horizons allows the scientific classification 
| of soils taking the entire profile of the soil 
into account. 
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NATURE OF SOIL 


DISTRIBUTION IN A 


CLASSIC AGRICULTURAL SOIL 


APPARENT DENSITY ya 
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DRY WEIGHT y d 
WS = UP TO 
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SPECIFIC GRAVITY y S 
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MOISTURE CONTENT MC 
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Earth is made up of a number of substances: 
- gases: primarily air; 

= liquids: primarily water; 

= solids: mineral and organic materials 


1 - GASEOUS CONSTITUENTS 

These form the internal atmosphere of the soil. 
It fills the voids {m the soil and comes from the 
outside atmosphere, organic life in the soil and 
the decomposition of organic material. Air's 
components include nitrogen, oxygen, and carbon 
dioxide, Gases resulting from organic decay, and 
respiration of living creatures include carbon 
dioxide, hydrogen, and methane. 


2 - LIQUID CONSTITUENTS 

These are the solution of a soil. These consti- 
tuents are soluble in water and come from both the 
rain and atmospheric conditions (mist, relative 
humidity), mankind, the weathering of rock and the 
decay of organic material. The liquid consti- 
tuents are, water, soluble substances dissolved in 
this water such as organic compounds (sugars, 
alcohols, organic acids) and mineral compounds 
(acids, bases and salts partly _ dissociated into 
ions Ca , Mg , Ky, Na, <2 30, ; 0, > 
NO, » ete.). 


3 - SOLID CONSTITUENTS 

These are insoluble in water. 

- ORGANIC CONSTITUENTS or organic substances 

from plant and animal life in or carried into the 

soil. Four groups can be specified: 

Living plants and animals: bacteria, fungi, al- 

gae, higher plants, protozoans, worms, insects, 

etc. 

e Animal wastes, wundecomposed dead plants and 
animals. 

. Decomposing organic matter under attack by 
microbes present in the soil or the "transition 
products”, 

» Humus, the stable colloidal fraction of organic 
matter, which decomposes only very slowly, — 

- MINERAL CONSTITUENTS or physical constituents, 
resulting from the dissociation of parent rock 
or from the acts of mankind. "The sandy ele- 
ments", the result of the disseciation of the 
péerent rock, are either fragments of rack 
(stones and gravel), or the minerals making up 
these rocks (sands and silts). They have they 
same composition as these minerals and may be 
silficas, silicates, or limestones, 


The respective proportions and distribution of 
these constituents determine the structure and 
texture of the soil which in turn determine its 
properties. 


STRUCTURE 


The canstituents of the soil are more or less 
evenly arranged, disturbed, or bonded. The way in 
which the solid components are assembled at any 
given moment, determines the structure of the 
soil and thus affects the circulation of water and 
air and other physical properties. Three types of 
structures are generally recognized: 


~ 1 = GRANULAR STRUCTURE: like gravel; very 
little bonding by clay between the inert elements. 
@ 2 ~ FRAGMENTED STRUCTURE: crumbly structure; 
bonding by clay between accretions of gravel which 
are then bonded to one another. 

© 3 © CONTINUOUS STRUCTURE: puddinglike struce 
tures the inert elements are held in a mass of 
clay (and silt). : 


TEXTURE 


This reflects the particle sizes contained in the 
soil. The texture influences the properties of 
the soil as each particle fraction with a specific 
set of characteristics can define those of the 
soil if the fraction is present in adequate 
quantities. Ten percent clay for example is 
enough to give a soil cohesive and plastic pro= 
perties. Soils with 40 to 50 % clay fines give a 
soil the properties of a clay. Five major texture 
types are recognized: 

- 1 = ORGANIC SOIL: e.g. peat; 

* 2 - GRAVEL SOIiL: gravel and pebbles predomi- 
nates 

= 3 - SANDY SOIL: sand predominates; has the 
appearance of mortar; 

- & = SILTY SOIL: silt predominates; fine sof] 
with low cohesion and with a silky appearance; 

© 5 - CLAYEY SOIL: clay predominates; extreme- 
ly cohesive soil, sticky and malleable when wet. 
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203 AIR AND WATER 
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MINERAL GRAINS 
STRUCTURAL WATER 
ADSORBED WATER 
SOIL SOLUTION 


PORE WATER 





SOLID WITH 
SHRINKAGE 





SOLID WITHOUT 


SHRINKAGE 


The properties of a soil vary according to its air 
and moisture content. 


AIR 


Air makes no contribution to the strength of the 
soil and the air content should, if possibile, be 
reduced. Air in the soil also entraps various 
micro-organisms such as bacteria and moulds, and 
these can lead to the destruction of the organic 
components of construction materials. Pockets of 
air form channels which allow the penetration of 


water in the form of water vapour. The moisture 


content may vary from one part of the material to 
another. The relative humidity of the water 
vapour contained fin the soil varies according to 
type, differences in moisture content and tempera- 
ture. Soils in tropical and arid regions undergo 
variations in moisture content and degrees of 
temperature change which amplify the movements of 
water vapour. 


WATER 


The water penetrating the soil and retained by it 
falls into different categories. They play a 
major role in the determination of its properties. 


- 1 FREE WATER moves under the effect of 
gravity or capillary action at the dictates of 
movements of the groundwater and the daily varia- 
tions of atmospheric pressure and temperature. 
Accumulations of capillary water in the fine pores 
on the surface of grains is not absorbed. It can 
be eliminated at normal room temperatures. 


- 2 - PORE WATER jis retained in extremely fine 
pores where the capillarity is greater than 
hydrodynamic forces. This water can be eliminated 
at normal temperatures but only after long drying 
or kiln drying between 50 and 120°C. 


- 3 - SOIL SOLUTION takes the form of a film 
around the solid grains and {s held on their 
surfaces by polar and electrostatic forces, and 
fonic hydration. !t can be eliminated at normal 
room temperatures. 


~- & - ADSORBED WATER takes the form a very thin 
film covering both external and internal surfaces. 
The forces retaining this water are so powerful 
that it cannot be moved, Heating to temperatures 
of between 100 and 200°C will eliminate this 
water, 


= 5 * STRUCTURAL WATER jis not really water at 
all as it represents hydroxyl] groups which form of 
solid crystalline networks. Heating to tempera- 
tures in the region of 600°C will tend to elimi- 
nate this water. 


EFFECT OF WATER 


Differences in free water, pore water, and soil 
solution can change the physical properties of the 
soil. [in rough sand pore water predominates, 
while in fine clayey soil it is soil salution 
which predominates. The structural and hydraulic 
properties of this latter type of soil are ine 
fluenced by the thickness of the film of soil 
water, which in turn is affected by the elements 
dissolved in the water. 


1 - EFFECTS DUE TO LIQUIDITY 


- COHESION: fine grains (silts and clays) owe 
their cohesiveness partly to the films of water 
linking them. These cohesive forces are of tro 
types, those due to water tension at the air/water 
interface (large grains) and these due to the 
interaction of particles of clay and molecules of 
polarized water. 

- SUCTION: the forces arising from the surface 
hydration of particles combine with surface 
tension to creates water suction which increases 
with the reduction of the water content. 

- SWELL: at the surface of the clays, the ad- 


sorbing forces acting on the water molecules are. 


high. The adsorbed layers swell as the clay 
becomes damper. The soil increases in volume. 

~- SHRINK: the shrinking of clays {is usually the 
result of the evaporation of the water. 

- PLASTICITY: after reaching its elastic limit a 
well hydrated cohesive soil can deform without 
breaking. The plasticity resulting from the 
lubricating effect of the films of water between 
the grain depends on the size, the grain shape and 
the chemical make-up of their surfaces. 


2 2 EFFECTS DUE TO SOLVENT ACTION 


- SOLUBLE SALTS in solution d{ssociate into 
metallic cations of Na , Mg , Ca and Al , which 
are adsorbed into the grain surfaces. Sulphates 
of Na, Mg and Ca affect the earth by crystallizing 
and making it brittle. | 

- ORGANIC MATTER can influence the redistribution 
of the mineral elements in the sofl; this is 
particularly the case for fron, 


THE 12 STATES OF HYDRATION OF SOIL 


- ROCKY CONCRETIONs Monolithic agglomerations 
of coarse material; compact and heavy soil which 
is difficult to cut. 


- CRUMBLY CONCRETION: Agqglomerations of crumbly 
or decomposed material, including peat and sad, 
which is easy to cut. 


@ FRIABLE AGCRECGATION: Absolutely dry soil in 
powder form, 


- DRY SOIL: Soil characterized by a naturally 
Tow humidity, (4% to 10%); it is dry rather than 
moist to the touch. 


- MOIST SOIL: Soil unmistakably moist to the 
touch (8% to 18%), but cannot be shaped because of 
its lack of plasticity. 


- SOLID PASTE: An earth bail (moisture content 
15 % to 30 %) which flattens only slightly when 
dropped from a height of one metre is formed by 
powerful kneading with the fingers. 


- SEMI-SOLID PASTE: Only slight finger pressure 
is sufficient to form an earth ball (moisture 
content 15 % to 30 %) which flattens slightly but 
does not disintegrate when dropped from a height 
of one metre. 


= SEMI-SOFT PASTE: With this very homogenous 
material it is very easy to shape an earth ball 
which is neither markedly sticky nor soiling 
(moisture content 15 % to 30%) that flattens 
markedly without disintegrating when dropped from 
a height of one metre. 


- SOFT PASTE: This kind of soil is so adhesive 
and soiling (water content 20% to 35 %) that it is 
extremely difficult, if not impossible, to make 
balis from it. 


- MUD: This kind of soil is saturated with water 
and forms a viscous, more or less liquid mass. 


- SLURRY: This consists of a suspension of clayey 
earth in water and constitutes a highly liquid, 
fluid binder. 


* Values for moisture content are only indicative 
and vary greatly according to soil type. 











204 SOLID MATERIAL 





The solid fraction of soil is made up of minerals 
resulting from the physical disassociation and 
chemical alteration of the underlying parent rock, 
and of organic matter, which are basically the 
more or tess decomposed remains of plant and 
animal organisms, 


ORGANIC MATTER 


Usually, organic matter is concentrated in the 
surface horizon of the soil, over a. depth of 
between 5 and 35 cm, Sometimes organic matter may 
contain visible plant components. Elsewhere the 
decomposition of the plant structure is so advanc- 
ed that a black material is encountered. This is 
called humus. Recently decomposed organic matter 
has different properties than humus. !¢t consists 
of macrograins or fibres which are relatively 
fnert from the physical or chemical point of view. 
Humus is colloidal and acid, with a very high 
cation exchange capacity, and the ability to 
absorb) water, which increases its ability. 
Organic matter has an open and spongy structure 
and has only low mechanical strength. The water 
content may be very high (from 100 to 500 %) 
eliminating al] mechanical stability. The acidity 
of the organic components tends to trigger acid 
reactions with water in the soil, which. may lead 
to the corrosive attack of materials with which it 
comes into contact. The concentration and type of 
organic matter has marked effects on the charac- 
teristics of a natural soil once it exceeds 2 to 
4 %, 


MINERAL MATTER 


The mineral or inorganic components of a soil, 
usually represents by far the greatest part of the 
soil. 

Two groups of minerals may be distinguished: 


- UNWEATHERED MINERALS or incompletely weathered 
minerals, These minerals are identical in come 
position to the parent rock from which they 
derive. They include pebbles and gravels, sands 
and clays. These are the sandy elements. 


@ WEATHERED MINERALS are the result of the 
chemical weathering of the minerals of the parent 
rock and are typical for their extreme smallness 
(less than 2 py). Secause of their smaliness these 
grains of weathered mineral have the appearance of 
a sticky paste if they are wetted. They are 
catled colloids, which derives from the French 
colle (= glue~) and means "gluelike’. They were 
given this name because they form the binder in 
the soil. The main binders are the clays and for 
this reason engineering geology refers to them as 
the clayey fraction rather than the colloidal 
fraction. 


SANDY ELEMENTS 


These may be either silicas, silicates, or lime- 
stones. 


~- SILICAS: resist chemical weathering. They are 
grains of quartz resulting from the disintegration 
of sandstone and crystalline rocks. They are 
found both fn the larger and the finer fractions. 


@ SILICATES: the chemical weathering of these 
proceeds continuously but fs very slow. They are 
made of grains of mica, feidspar and other free 
minerais resulting from the disintegration of the 
crystalline rocks such as granite and volcanic 
rocks. The weathering of these elements is in- 
creasingly effective as grain size is reduced. 


« LIMESTONES: this fs that part of the sandy 
which is made from calcium carbonate. A dis- 
tinction must be between soils created on a 
limestone parent rock and the soils form on a 
non-limestone parent rock. Limestone jis not 
always present in the sofl but all soils contain 
calcium fixed on clay in the form of caleium jon 
er in sofl solution in the form of soluble calcium 
salts. 


in order to facilitate their identification, the 
mineral components have been divided into grain 
fractions. 


—— al 


1 - PEBBLES 


Pebbles range in size from 20 mm to 200 mm. They 
form a rough material which is the result of the 
disintegration of the parent rock from which they 
draw their basic characteristics. They may also 
have been carried from elsewhere. Young pebbles 
still have sharp corners. Severely weathered 
pebbles are rounded as well as those which have 
been carried by watercourses or glaciers. 


2 = GRAVEL 


Gravel ranges in size from 2 to 20 mm. It is made 
up of small grains of rough material, which are 
the result of the disintegration of the parent 
reck and pebbles. They may also have been carried 
by water courses and thus be rounded, though 
angular gravel also exists. Gravel constitutes 
the skeleton of the soil and imposes 2 limit to 
its capillarity and shrinkage. 


3 - SANDS 


Sand ranges in size from 0.06 mm to 2 mm. it is 
often made up of particles of silica of quartz. 
some beach sand contains calcium carbonats (shell 
fragments). The sandy component of a soil is 
marked by its high internal friction. Sand grains 
Yack cohesion because of the weak effect of films 
of water close to their surfaces, The low adsorp- 
tion of these surfaces limits swell and shrinkage. 
The open structure and permeability are typical of 
sands. 


4 - SILT 


The grain size of silt ranges from 0.002 (2 yw) to 
6.06 mm, From the physical and chemical point of 
view the silt component is virtually identical to 
the sand component, the only difference being one 
of size. Silt gives soil stability by increasing 
its internal friction. The films of water between 
the particles grants a certain degree of cohesion 
to silty soil. Because of their high degree of 
permeability silty soils are very sensitive to 
frost. They are subject to small-scale swell and 
shrinkage, 


5 = CLAYS 


Clay grains are smaller than 2 uy. They differ 
from other grains in their chemical composition 
and physical properties. In chemical terms they 
are hydrated aluminosilicates formed by the 
leaching process acting on the primary minerals in 
rock. Physically speaking clays very often assume 
a platy elongated shape. Their specific surface 
is infinitely greater than that of rougher round 
or angular particles. Clays are very susceptible 
to swell and shrink. 


6 ~ COLLOIDS 


Sandy material {fs often coated with a sort of 
giuey paste which sticks {ft into aggregate. This 
giuey paste is made up of "colloids", the dimen- 
sions of which are less than 2 py. Some of these 
are the result of the weathering of the parent 
rock, These are mineral colloids, the chief of 
which {is clay. Clay {is not the only mineral 
colloid. It {s often mixed with very fine quartz 
debris (1 to 2 uw), with hydrated silica, extremely 
fine crystals of limestone and magnesium colloids, 
as well as colloidal fron and aluminium oxides 
which go under the name of sesquioxides (sesqui = 
half more; indeed, in Fe,0 each Fe has half an 0 
more than FeQ). Other eal toide result from the 
decomposition of organic matter. These are the 
organic colloids: humus and bacterial giues. 
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205 CLAY TYPES 





SOIL NODULE 
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ORIGIN 


Clay is the result of the chemical weathering of 
rock, and of silicates {n particular (feldspar, 
micas, amphiboles, and pyroxenes, etc.). 


STRUCTURE 


Large clay molecules (or micelles) are fine 
crystals of an irregular or hexagonal shape. The 
latter is the most common, but there are others, 
These included pseudo-hexagonal wafers, cylindri- 
cal or hollow tubular fibres, thick tablets or 
discs. Clay micelles are made up of thin sheets 
or leaves, which fs why argillaceous minerals are 
referred to as phyllite ("phyilon® = leaf in 
Greek). Like mica they form part of a group known 
as phyllosilicates. Each micelle is made up of 
several tens or even hundreds of sheets, the 
structure of which determines that of the minerals 
as well the immediate properties of the crystal, 
including adsorbent properties analogous to those 
of colloids. These sheets have a chemical make-up 
which varies according ta the type of clay and the 
degree of hydration as well as their thickness and 
spacing, namely from 7 to 20 Angstrém (1 & = 1 
millionth of a mm). Their size is of the order of 
0.01 to 1 micron. Some sheets are made of silica 
{atoms of silicon surrounded by oxygen atoms), and 
others are made of alumina (aluminium atoms 
surrounded by oxygen atoms and OH groups). Other 
clays exist, however, whose base is not Si and Al 

but Si and Mg or Si and Fe. Nevertheless the 
alumino-silicates represent 74 % of the earth's 
crust (1) and we will be considering these exclus- 
ively. Like most silicates the structure of 
argillaceous minerals is determined by the way in 

the oxygen and hydroxy! groups are arranged. 

These may be located in tetrahedral or octahedral 

cavities, 


The physics and chemistry of clays are highly 
complex because of the innumerable electrical 
phenomena which argillaceous minerals are subject 
to, 





MAIN GROUPS 


There are several families of clay minerals, and a 
few dozen groups. Three main types, however, 
make up the most frequently encountered ciays: 
kaolinites, {ilites, and montmoril lonites. 


1 = KAOLINITES 


The sheets are made up of a layer of oxygen 
tetrahedrons with a silicon centre and a layer of 
exygen (or hydroxide) oectahedrons with an alumine 
jum centre. Kaolinite is negatively charged only 
at the edge of the sheets and its fon fixing 
capacity is low. The distance between sheets is 
constant, being 7 A. The thickness of the crys- 
tals is between 0.005 and 2 yp. The outer area OA 
is between 10 and 30 m? per gram. The {nternal 
area 1A = Q. Kaolinite is generally stable in 
contact with water, 


2 - ILLITES 


This group has a three layer structure: 1 mainly 
aluminous octahedral layer, between two mainiy 
silicaceous tetrahedral layers. Mg or Fe fons may 
partly replace the Al ions in the aluminous layer, 
and Al fons may substitute for Si in the silica 
layer. As’ the sheet is non-saturated, the nega- 
tive charges are balanced by K ions, which bond 
the sheets. The distance between sheets is 10 A, 
and the thickness of the crystals is between 0.005 
and 0.05 yp. OA is 80 m@/g and !A fs 800 m2/q. 
lilite {s net particularly stable when in contact 
with water and suffers swell, 


3 = MONTMORILLONITES 


The structure of this group is comparable to that 
of illite, but substitution takes place in the 
octahedral aluminium layer: Al fons may be replac- 
ed by Mg, Fe, Mn, Ni ete. The sheets are not 
electrically neutral and are weakly linked. The 
ions between the sheets are not K fons but ex- 
changeable cations (Na, Ca) and water molecules. 
The distance between sheets ranges from 14 toa 
20 A. The thickness of the crystals lies between 
0.001 and 0.02 pw. OA is 80 m2/g and IA is 800 
m*/g. Montmorillonite jis not stable when in 
contact with water and suffers severely from 
swell, 


4 - OTHERS 


There are wide range of other clays, such as 
CHLORITE, MUSCOVITE, HALLOYSITE, VERMICULITE, 
SEPIOLITE, ATTAPULGITE, etc. as well as the 
interstratified materials, which are complex 
combinations of various types of clay. 
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206 BINDING FORCES 





There are a number of different binding forces 
which act to give coherence to soil grains, 
causing them to aggregate. These forces vary 
immensely in force and depend on how each separate 
fraction of components behaves. This makes it 
impossible to quote a single value indicative of 
the cohesive force, For the concretions of the 
sandy fraction, breaking the weakest links tends 
to produce smaller aggregations but with a higher 
degree of internal cohesion. Driven to its 
extremes, the breakdown of aggregates will result 
in elementary mineral particles whose cohesive 
force is analogous to that of crystalline miner- 
als. Mineral particles with a diameter ) 2 y are 
thus highly cohesive: their chemical bond is of 
the interatomic type in three dimensions. These 
quartz or feldspar minerals constitute the skele- 
ton of the soil, which is highly resistant to 
deformation when they are present in sufficient 
quantity to touch one another. 

For the colloidal fraction, on the other hand, 
particles of a diameter { 2 y have an essentially 
two-dimensional bond (structure in sheets). This 
bond is of the intermolecular type (i.e. physical 
and having moderate or weak force). These are 
mainly the phyllosilicates such as the kaolinites, 
filfites and the montmorillonites, micas hydrous 
alumtnium oxide, etc. 


Clay plays the role of cement. It holds the inert 
grains together and to a great extent provides the 
cohesion of the soil. The cohesive forces of the 
clay micelles thus merit particular study. Al- 
theugh it is not possible to speak of a single 
force, it can be said that the binding forces are 
by and large electrostatic, Numerous forces of 
attraction and repulsion come into play but it is 
Nevertheless the electrostatic forces which are 
mast significant. 


1 - ELECTROSTATIC FORCES 


The micelles of clay are not electrically neutral, 
they may be negatively or positively charged. 

= NEGATIVE CHARGES can arise in two different 
ways: 

- unfilled valences, either at the end of cracked 
sheets {oxygen atom) or on the outer flat sur- 
faces as the result of the dissociation of an H 
fon in an OH group (kaclinite sheet). 
substitution: Si and Al atoms can be replaced by 
atoms of a lower valence: e.g. in a sheet of 
silica, atoms of Si are replaced by atoms 
of Al » the valency of which is lower. A 
negative charge uncompensated by an oxygen atom 
will appear. In the same way an Al atom in 
an aluminium. sheet may be replaced by an Mg 
atom, 

« POSITIVE CHARGES are less common than negative 
charges. They may appear either at the point of 
breakage of a sheet, if a break exposes a silica 
molecule or aluminium atom where the positive 
charge is no longer balanced by an atom oxygen or 
a group of OH, or as a result of the frequent 
association between the clay and Fe or Al hydrox- 
ides releasing OH fons by dissociation. 


- MECHANISMS 


As a result of the attractive forces a surface to 
side bond may be established between the clay 
micelles. However, a surface-surface bond or a 
side-side bond with negative charge may also be 
established. The flocculation theory (the oppo- 
site of dispersion) helps to explain these pheno- 
mena. The water contained in the soil is a 
bonding agent. ,it is loaded with positive fons, 
or cations (Na, Ca , Al ), im large enough 
quantities to balance the negative charge of the 
grains: overall the system is electrically neut- 
ral. Depending on their degree of hydration, 
cations give rise to oriented chains of water 
molecules. When a hydrated cation is close to a 
particle, the two sets of water molecules link the 
ion and the surface of the particle. Similarly, 
an ion can act as 2 bridge between two adjacent 
particles of clay. 
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2 - OTHER FORCES 


The bonds between clay micelles, between clay and 
inert grains, and between inert grains themselves 
imply the existence of other forces. Here we can 
point to the importance of cementation, capillare 
ity, and electromagnetic forces. 


- 1 - CEMENTATION is the result of precipitation 
and dissolution cycles and is manifested in the 
form of "bridges" of binder between particles of 
similar or differing composition. The main agents 
of cementation are calcite, silica, ferric oxide, 
bacterial ahesives, etc. 


- 2 ~- CAPILLARITY jis similar to cementation, al- 
though the capillary bond is not as rigid and 
remains reversible. When a fluid impregnates a 
grain, it will tend to feilaw the capillary paths 
or channels. Extreme tension may be required to 
separate particles bound by capilfarity. Apart 
from the forces of attraction resulting from 
interface tensions, water may act as an agent 
transmitting force between grains or as a di- 
electric agent. The powerful contraction forces 
due to capillary action may reinforce the action 
af less powerful forces and reduce the inter- 
particle distance. Cohesive capillary forces act 
mainly on the inert grains and not the micelles of 
clay. 


« 3 - ELECTROMAGNETIC FORCES are van der Waals‘ 
forces. . Although these are weak, they play a 
significant role in the binding mechanism of clay 
micelles and inert grains; they create a film of 
oriented micelles, thus increasing friction. van 
der Waals' forces chiefly affect micelles of a 
normal size, but also appear to play a role in the 
cohesion of smaller micelles. 


© & = FRICTION fs the result of surface rough- 
ness. This roughness may be on the atomic or 
molecular scale depending on microscopic disorien= 
tations and macroscopic striation. Observation 
under the electron microsercpe shows that clayey 
surfaces can be bound by friction. 
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207 GENERAL PROPERTIES 
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Properties may vary considerably from one sail to 
another, They depend on the complex nature of the 
mix of the various granular fractions. The 
characteristics of the soil depend on the propor- 
tions of pebbles, gravel, sand, silt, clays, 
colloids, organic matter, water and gas. It is 
often the predominant fraction in a soil which 
governs the fundamental properties of a material. 


PROPERTIES OF A CHEMICAL NATURE 


These depend on the chemical constitution of the 
components of the soil. Among these components 
the most influential from the chemical point of 
view are the salts, which may be either soluble or 
insoluble. The high salinity of a soil may induce 
extremely marked chemical properties. These 
properties are also influenced by the mineralogi- 
cal characteristics of the minerals involved and 
their chemical composition, and the nature and 
quantity of the organic matter. These instable 
components, themselves in the course of chemical 
and biochemical development can cause the develop- 
ment of the structure of the soil itself, produc- 
ing precipitates of differing natures, colloid and 
various types of adhesive, humic, and bacterial 
pastes. Similarly, the quantity of oxides of 
fron, magnesium, or calcium, carbonates and 
sulphates can characterize the soil from a chem- 
feal point of view. Sulphate of calcium in par~ 
ticular when subject to hydration can be swell 
disastrously; its solubility in water (selenite 
water) may increase the sensitivity of clays. 
Metallic oxides can be very influential. For 
example in lateritic soils, iron oxide can speed 
certain solidification processes. Similarly 
abundant aluminium oxide can reduce the ability to 
withstand aging. The pH of a soil {s also impor- 
tant, as it gives an indication of H and OH fons 
and consequently of its acid or basic nature. 


PHYSICAL PROPERTIES 


Soils have numerous physical properties. They 
constitute a guide to the suitability of a soil 
for construction purposes. 


- COLOUR: The colour range of soils is extremely 
wide and may range from white to black passing 
through beige, yellow or red ochre, orange, red 
brown, grey, and even blue and green. 


~- BREAK-UP: This fs the ability of a soil to be 
easily broken up. Soils with a dominant sand 
fraction are easily loosened while highly clayey 
soils can only be loosened only with considerable 
difficulty. 


= STRUCTURAL STABILITY: This refers to the solid- 
ity of the sofl structure, indicative of its 
resistance to deterioration, 


- ADHESION: This jis the ability of a sofl at 
given level of humidity to stick to other objects, 
tools in particular. it increases with humidity 
until it reaches a maximum and to subsequently 
diminish. 


- APPARENT BULK DENSITY: This refers to the soi] 
as a whole and is expressed in kg/m. 


- SPECIFIC BULK DENSITY: refers to the density of 
the constituents of the soil themselves. Express- 
ed in kg/m>. To give some examples micas and 
feldspars have a specific density of between 2600 
and 2700 kg/m*, sands between 2600 and 3000 kg/m", 
and clays 2500 kg/m*. 


- MOISTURE CONTENT: {s the amount of water con- 
tained in the soil, either in the natural state, 
or after manipulation and drying. it is expressed 
as 8 percentage and defines the different hydrous 
states of the soil. 


- POROSITY: or voids ratio. This fs the volume 
of voids in the earth expressed as a percentage of 
the total volume. There is a relation between 
porosity and specific density; for example, for a 
silt with a density of between 1600 and 1800 
kg/m?, porosity is lower than 40 %. 


- CAPILLARITY: or pF measures the force exerted 
by the suction of the water and which is expressed 
in g/em? or in atmospheres. pF is the decimal 
logarithm of this pressure. The moister the soil 
the greater the suction will be and the less water 
will be retained by the soil. The drier the soil 


the more the suction will increase. 
ey 
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- CAPILLARY DIFFUSION: is the displacement of 
water held in the soil. 


PERMEABILITY: refers to the speed of passage of 
fluids through the soil, and depends on its 
texture but more especially om its structure. It 
is expressed in cm/hour; e.g. a clayey siit with 
low permeability may have a value of 0.6 em/h and 
a highly permeable sandy soil a value of 50 to 60 
em/hour (unworked soiis). 


- SPECIFIC HEAT: is the amount of heat required 
to raise the temperature of one unit of mass of 
a soil through 1°C. It is expressed in keal/kg*°C. 
Water has a value of 1 keal/kg°C, sand a value of 
0.91, and clay a value of 0.23. 


@ SPECIFIC AREA: is a measure which fs applied 
primarily to clays and which makes it possible to 
estimate the chemical activity of fon exchange. 
Expressed {n cm*/g, coarse sand has a specific 
area of 23 em?/g, silts have a specific area of 
454 cm2/g, while clays rise to 800 m@/g. 


@- POWER OF :ADSORPTION: is a property possessed by 
elay, humus, and the clay-humus complex which 
permits them to retain on their surfaces electro- 
positive, as well electronegative, ions drawn from 
the soil solution. The fixing of ions is explain- 
ed by the negative and positive charges around. the 
clay sheets and the humus micelles. The number of 
positive charges adsorbed by 9a 100 g of materials 
ranges from 20 90 x 10 for kaolinite, from 
120 240 x 10 for illite, and from 360 to 500 
x 10 for the montmorilionites. 


© TOTAL EXCHANGE CAPACITY (T): refers to the 
maximum quantity of cations of all kinds that a 
soil {s capable of retaining. This measure 
represents the totality of negative charges 
available in the soil for fixing metallic cations 
or H ions. I!t is expressed in millfequivalents 
or m.g.q. for 100 g of soil. The equivalent of a 
body is the ratio of atomic mass to the valency of 
the body. The m.e.q. is one thousandth of this. 
To give an example: a soil with a T of 30 m.e.q. 
can retain in Caz: 30 mie.q. x 40/2 = 600 m.e.q. of 
Ca/100g of soil. The value of T for a sofl is 
stable as it depends on the rate and the nature of 
colloids which are unable to vary greatly. T is 
high for clay and humus soils and low for sandy 
soils. 


- SATURATION RATE (V): jis the ratio of the sum of 
the exchangeable bases to total exchange capacity. 
le is expressed as a percentage: V = S/T x 100. 
This rate varies immensely from soil to soil. It 
is dependent on the availability of cations in the 
parent rock, the frequency and volume of the 
supply of cations (Ca in particular) and the 
extent of leaching. Soils rich in active lime- 
stone have a rate V close to 80 or 90 %, while 
soils formed on sandy parent rock have a rate V 
often lower than 20 &. 


- LINEAR CONTRACTION: | provides a measure of the 
reduction of size of a mass of worked clay soil 
after drying and is often expressed as a percen- 
tage of the initial size. Kaolinites have a 
linear shrinkage upon dryisig of the order of 3 to 
10 %, illites of the order & to 11 %, while values 
for the montmorillonites range from 12 to 23 %. 


* ORY STRENGTH: shear strength in the dry condi- 
tion reaches very different values depending on 
the clays and depends on the distribution and size 
of the grains, the degree of their perfection and 
crystallinity but aiso of the nature of the 
exchangeable ions. Kaolinite Rave a strength of 
of the order of 0.7 toa 50 daN/cm?, values for the 


_tllites range from 15 to 70 daN/em* and mont- 


morillonites from 20 to 60 daN/em2. 


- OTHERS: numerous other properties also exist 
such as elasticity, internal friction and so on. 


FUNDAMENTAL PROPERTIES 


An exhaustiv~ study of the properties of the soil 
is not always necessary. Above al? it is impor- 
tant to be aware of certain basic properties, 
which are: 


* 1 - TEXTURE: or grain size distribution of the 
soil in percentages of pebble, gravels, sands, 
silts, clays, and colloids, 


- 2° PLASTICITY: or ease of shaping the soil. 


- 3 - COMPACTIBILITY: or the soil's potential to 
reduce fts porosity to a minimum. 


~ & = COHESION: or the ability of soil grains to 
remain in association. 
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208 FUNDAMENTAL PROPERTIES 
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1 = TEXTURE 


Also referred to as the grain size distribution of 
a soil, it represents the percentage content of 
the different grain sizes. The texture of a soil 
is determined by the sieving of the rougher 
grains: pebbles, gravel, sands and silts, and by 
sedimentation for the fine clayey materials. The 
classification of grain sizes adopted by a large 
number of laboratories based on the ASTM=AFNOR 
standards are as follows: 


) Vo: PEBBLES : 200 mn 20 mm 
Vo: GRAVEL : 20 mm 2 mm 
IV: COARSE SAND : 2 iam 0.2 mm 

111 =: FINE SAND : 0.2 mn 0.06 mm 
ti : SILTS H 0.06 mm 0.02 mm 
itA : FINE SILTS 3 0.02 mm 0.002 mm 
! +: CLAYS 3 0.002 mn 0 mm 


The texture of the soil fis plotted on a grain size 
distribution chart similar to that shown in dia- 
gram "G", 


It is moreover often useful to adopt a simpler 
classification, i.e. the decimal classification. 


PEBBLES : 200 mm 20 mm 
CRAVEL : 20 mm 2 mm 
COARSE SAND ; 2 mm 0.2 mm 
FINE SAND 3 0.2 mm 0.02 mm 
SILTS : 0.02 mm 0.002 mm 
CLAYS ¢ 0.002 mm O mm 
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PARTICLE SIZE 
(CLASS) 


2 ~ PLASTICITY 


Plasticity refers to the property of a soil to 
submit to deformation without elastic failure 
characterized by cracking or disintegration. 

The plasticity of a soil as well as the limits 
between differing states of consistency are 
determined by making measurements of the Atterberg 
limits, These measurements are carried out on the 
“fine mortar" size of the soil (¢ of grains 
(0.4 mm). The quantity of water, expressed as @ 
percentage, which corresponds to the limit of the 
transition between the state of fluid consistency 
and the state of plastic consistency is called the 
Liquid Limit (LL)). The transition between the 
plastic and the solid state is called the Plastic 
Limit (PL). At LL the soil starts to manifest a 
certain resistance te shearing. At LP the soil 
stops being plastic and becomes brittle. 

The Plasticity Index (PI) equal to LL - PL detere- 
mines the range of plastic behaviour of the soil. 
The combination of the LL and the PL specifies the 
sensitivity of the soil to variations in humidity, 
The plastic properties of a soil are represented 
in the plasticity diagram "P*, 


PLASTICITY INDEX 
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3 = COMPACTIBILITY 


The compactibility of a soil defines its ability 
to be compacted to a maximum for a given compact- 
ing energy and degree of humidity (optimal moist~ 
ure content = OMC). When an volume of soil is 
subjected to the action of a ferce the material is 
compressed and the voids ratio decreases. As the 
density of a soil is increased its porosity ds 
reduced, and less water can get penetrate it. 
This property is the result of the interpenetra- 
tion of the grains, which in turn resuits in a 
reduction. af the disturbance of the structure as 
the result of water action. 

The compactibility of a soil is measured by the 
Proctor compaction test. The compactibility of a 
soil can be represented on a compactibility 
diagram such as diagram "C* below, where Optimal 
Moisture Content is plotted against Optimal Ory 
Density for any given compression energy. 


ORY WEIGHT 
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4 ~ COHESION 


The cohesion of a soil is an expression of the 
capacity of its grains to remain together when a 
tensile stress is imposed on the material. The 
eohesion of a soil depends on the adhesive or 
cementation properties of its coarse mortar (grain 
size of 6 ( 2mm) which binds the inert grains 
together. This property thus contributes to the 
quantity and adhesive quality of the clays. 

The coarse mortars may be classed as follows: 


A Sandy mortar 

8 Lean mortar 

C Average mortar 
D Fat mortar 

E Clays 


Cohesion is measured by a Tensile fest in the 
moist condition sometimes also referred to the "8" 
Test. Cohesion is plotted in a tensile strength 
chart "T", 
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The engineering geology classification is the most There are numerous different soil engineering ) 
Suited to earth construction. It classes soils classifications, These differences can give rise 
by: to confusion. In general ft is better to refer to 
. Grain size distribution (direct measurement) regional classifications suited to local GEOTECHNICAL CLASSIFICATION USCS SYSTEM pec DESCRIPTION 
- Plasticity (direct measurement) conditions. No system has been specifially 
. Compactibility (indirect measurement) adapted to building in earth. The systems shown — — ie ; 
« Cohesion (indirect measurement) here are among the most attractive for our - All diameters are represented, Clean gravel 
« Quantity of organic matter. purposes. They have been slightly simplified and . @ 8 x = » | non predominates Well graded 
adapted to tests specifically recommended for 2 oo A eS - = 
It does not consider: construction in earth. 8 S Se = = | One grain size or one grain GR Clean gravel 
« The hydrous state of the soil; | ge 8 r fraction predominates Poorly graded 
» The in-situ density of the soil ia d a 4 = Fi l | h hes i , | Silt 1 _ 
AASHO M 145 ENGINEERING SOILS CLASSIFICATION (USA) =a] 9g ; a$| = —_ — 
“ oS ) 2% > S Fine elements have cohesion oc Clayey gravel 
GRANULAR MATERIAL SILT-CLAY MATERIAL e Sa = = — a | | 
(35 % or less of the grains pass through (Mere than 35 % of grains pass =a $3 ; is 
8 0,08 mm sieve) through a 0,08 mm sieve) 3s ie & 7 All diameters are represented, SW Clean sand 
— © @ | non predominates Well graded 
; = ~*S ~ 41] 5 = | One grain size or one grain Clean sand 
A=-7-5 go O eo or = . 
4 & ai 
% OF GRAINS ) ) 2. 2 2 s 3 Q Fine elements have no cohesion Silty sand 
PASSING THOUGH © ofa] <= : 
le im OO - . —_ 
nee 2 2% = Fine elements have cohesion Clayey sand 
15 max | 25 max | 10 max| 35 max| 35 max 35 max | 36 min | 36 min | 36 min | 36 min = = a 
30 max 50 Max 51 Max = = - = o = = oO . _ 
: : ; : : | . . . 2 FS a ee ce 
= clay 
40 max| 41 min | 40 max | 41 min | 40 max | 41 min | 40 max | 41 min 30° 
10 max} 10 max} 11 min} 11 min | 10 max | 10 max | 11 min | 11min uo | Inorganic wy «|S LOwoplasticity 
, = . silt 
2s 2* ~ 
stone frag- gravels and silty -! 2 


ments,gravels 
and coarse or clayey sands 


sands 


Organic material OL Organic silt and clays 
with low plasticity 
Highly plastic 
clay 
Inorganic Highly plastic 
silt 
0 ¢ material pow | Highly plastic organic 
silt and clay 
Dt Peat and other highly 
organic soils 






Above 
A 


* For Aw-7<5 PI < LL-30 N.P, = Non-plastic 
For A@-7-6 PI >LL-30 


CLAY AND SILT SOILS 





FINE SOILS - CLAY AND SILT 


More than half the elements 
have a diameter less than 0,08 ma 


Liquid Limit 


Under 
A 


rgani 
Organic matter predominates. Can be recognized by smell, 
dark colour, fibrous texture, low moist density 

























Gw, GP, GM, Si, SP, SM 


NOTES 
GM, CC, SM, Sc . 
SP 











A-2-4, A-2-5 
A-5 








- This classification is a simplified and modi- 
fied version. 

- Elements with a diameter greater than 60 mm 
are not taken into account. 

- The weight of the grain fraction can be esti- 
mated. 

~ The grain sizes correspond to grain size dis- 

tribution chart. 












AwW-2-4 3 Aqo-2=5 
A=-4 
A-5 






PLASTICITY INDEX 















LL (3) 
LIQUID LIMIT 
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The classification used by modern soil science takes the whole profile of the soil into account and 
stresses formation and development processes by considering: 


* the degree of development and differentiation of the soil; 

- the method of formation and weathering of clays 

* the basic physical and chemical processes which have resulted in the creation of the soil. These are 
often related to organic matter. 


The classification due to Ph. Ouchaufour (Centre de Pédologie du CNRS, France) reflects the modern trend. 
Tables showing how this classification relates to others, in particular the FAO classification can be 
found in the specialist literature. 


THE DUCHAUFOUR CLASSIFICATION (simplified version) . 


1 - DIVISION 1: SOILS WHOSE ORIGIN IS VERY CLOSELY RELATED TO THE EVOLUTION OF 
ORGANIC MATTER 


Class 1 - IMMATURE SOILS | 


- climatic: DESERT SOILS, FROZEN SOILS OR CRYOSOLS (AC or AR profile = very little organic matter); 
- erosion: REGOSOLS, LITHOSOLS (AC profile - clear humic horizon); 
‘* deposited: ALLUVIAL AND COLLUIVAL SOILS (deposited by volcanoes or water courses) 

(AC profile - clear humic horizon). 


Class 2 - SOILS WITH LITTLE HORIZON DIFFERENTIATION, 
desaturated humic soils (AC profile) 


These have a profile uniformly coloured by the humus. The humus is rich in organic metal complexes which 
Fapidly become insoluble. 

© poor in aluminium: RANKERS (on crystalline rock) 

= rich in aluminium: ANDOSOLS (on volcanic rock) 


Class 3 - CALCIMAGNESIAN SOILS 


Typefied by the arrest of humification in an early stage by active limestome. Large quantities of 
immature humus in the in profile. 

- humic: RENOZINES (dark humic horizon, thick - well represented in the Mediterranean); 

- low humic: BRUNIFIED CALCIMACNESIAN SOILS (brown calcareous, brown calcic soils) 

* very humic: HUMO=CALCAREQUS SOILS AND HUMIC LITHOCALCIC SOILS (little or no active carbonate 
mountains ) 


Class. 4 - ISOHUMIC SOILS 


Typical for the thorough integration, by biological means, of organic matter which has been stabilized by 
prolonged climatic maturation. 

= saturated complex: CHERNOZEMS, CHESTNUT SOILS, GREY FOREST SOILS (dark colour = steppes); 

* desaturated complex: SRUNIZEMS, (prairie soil in mofst continental climates); 

2 in increasingly arid climates: REDDISH CHESTNUT SOILS, SIEROZEMS (grey). 


Class 5 - VERTISOLS 


sofis containing expansive clay: thorough {ntegration, by "Vertic movements" (through the cracks) of 
extremely stable organic mineral complexes and the dark colour (expansive clay - stable humus). 

Marked dry season, 

° VERTISOLS (dark) (30 to 40 % expansive clay - black cotton soils); 

- VERTIC SOILS (coloured) (montmorillonites, semi-expansive interstratified soils). 
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Class 6 = BRUNIFIED SOILS with indistinct A (B) C or ABC profiles 

Characterized by a thinnish humus layer, resulting primarily from its becoming insoluble as a res 
sufficient quantities of free fron, which forms a “ferric bridge” with the clay. 

@ BROWN SOILS with a 8 weathering horfzon; ; 
- ELUVIATED SOILS with an accumulation of clay in the B horizons 

* ELUVIATED CONTINENTAL OR SOREAL SOILS. 

Class 7 - PODSOLIZED SOILS 


Immature organic matter forming mobile organic-mineral complexes. Very distint sandy or gravelly hori- 
zons;: AZ light and 8 dark. 

- PQDZOLIC SOILS ANDO POOSOLS which are not’ only slightly hydromorphic 

= PODZOLIC SOILS AND PODSOLS hydromorphic (with water table) 


2 - DIVISION 2: SOILS WHOSE ORIGIN: 
. IS FAIRLY INDEPENDENT OF THE EVOLUTION OF ORGANIC MATTER; 
. IS ON THE OTHER HAND CLOSELY RELATED TO FAIRLY MOIST WARM CLIMATES, AND TO THE 
SPECIAL BEHAVIOUR OF IRON AND ALUMINIUM OXIDES (sesquioxides) 


Class 9 - FERSIALLITIC SOILS 


Development of iron oxides towards "rubefaction®. Clay formation of the 2/1 type dominates (trans- 
formation and new formation). Mediterranean and dry tropical climates. 

© incomplete rubefaction: BRUNIFIED FERSIALITIC RED SOILS (terra rossa) 

= complete rubefaction, saturated or virtually saturated complex FERSIALLITIC RED SOIL; 

- Partial depletion and desaturation of the complex: FERSIALLITIC ACID SOILS 

Class 10 = FERRUGINOUS SOILS 

Abundant crystallized iron oxides, (goethite and haematite), as yet incomplete 
weathering of primary minerals: t/1 newly formed clay dominates (kaolinite) eceur= 
ing, however, together with 2/1 clays. 

- incomplete weathering: FERRUGINOUS SOILS; 

° weathering approaching completion: FERRISOLS. 

Class 11 - FERRALITIC SOILS 

Tetal weathering of primary minerals (except quartz). 1/1 clays only. High sesquioxide content. 
Crystallized iron and aluminium oxides. Occurrence fs in the wettest tropical regions. 

© FERRALLITIC SOILS fn the strict sense (predominantly kaolinite); 

 FERRALLITIC SOILS hydremorphic 


3 - DIVISION 3: SOILS WHOSE ORIGIN IS RELATED TO LOCAL CONDITIONS 
Class 8 = HYDROMORPHIC SOILS (Appearance affected by water) 


These ace soils whose appearance is temporarily or permanently affected by an excess af water. 


wilt of 


Oxidation reduction of fron related to the permanent or temporary presence of a water table. 

« marked oxidation reduction (presence of a water table): PSEUDOCLEY, STACNOCLEY GLEY (grey colour, often 
accompanied by yellow, red, or rust-coloured marks. 

- mild oxidation reduction: hydromorphic as the result of capillary rise in a clayey material and surface 

depletion of clay: PELOSOLS, PLANOSOLS. 


Class 12 - SQDIC SOILS 


These are common in the Mediterranean region and in dry subtropical regions. Sodic soils are soils whose 
evolution is marked by the presence of soluble salts, chloride, sulphate, etc. or by the presence of Na 
{in two forms: 

- saline: SALINE SOILS 

- exchangeable sodium: ALKALINE SOILS. 
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There are a number of very specific soil types whose names are specific to each discipline: agriculture, 


soil engineering, and soil science. The foilowing names are those most commonly encountered in the 
literature. 


1 = LATERITES 


In wet climates in the tropics and sub-tropics, the disintegration of the parent rock and the chemical 
weathering associated with leaching and evaporation leads to an accumulation of sesquioxides in the 8 
horizon (particularly of fron). Lateritic soils are characterized by highly advanced disintegration and 
by a concentration of metallic hydroxides. Some laterites are richer in aluminium components: these are 
the bauxites. Lateritic soils have only a thin layer of organic material. Depending on their location, 
laterites may be soft and composed of clay or sand, or on the other hand they may be hard and contain 
quantities of pebbles. They are typical for their hardening on exposure to the air. Apart from these 
general characteristics, no precise and exclusive definition of laterites has been worked out as yet. 
The chemical ratio Si0_/A1_0. ( 1.33 has long been used, although often disputed. Recent work suggests 
that this ratio may be closer to 2. !t is usually lower but may be also be higher. Soil science re- 
places the general term laterite with compound terms which reflect the specific nature. of the soil: 
fersiallitic soils, ferrallitic soils, and ferrisols. Even nowadays the general definition still used 
dates from 1807 and is due to Buchanan, who also suggested the name "Laterite”, from the Latin word 
"later" meaning brick. 

Nevertheless we will use the definition due to Mukerji, "Laterites are highly weathered soils, which 
contain large, though extremely variable, proportions of iron oxide and aluminium, as well as quartz and 
other minerals. They are found in large quantities in the tropics and subtropics, usually just below the 
surfaces of vast open plains and clearings in heavy rainfall regions. The natural state varies from a 
compact concretion to crumbly soil. !t may be of many colours: ochre, red, brown, violet, and black. 
The material is easy to cut. It hardens quickly in air, and becomes quite resistant to meteorological 
agents", 

These thus are the essential properties of induration (rapid and significant hardening). For plinthite, 
wrich is a type of laterite, induration takes place rapidly, powerfully and irreversibly. It is fairly 
rare (¢.g. India, Upper Volta). Influenced by how much iron there is in the parent rock, the humidity of 
the soil and the lie of the land, the degree of rubefaction (slow dehydration of ferrous oxides and 
crystallization into Fe,0, (haematite)), the colour of laterites can vary from virtually black, to rust, 
dark red, and red in cases of extreme drying (haematite Fe.0.). If the drying-out process is less 
extreme the result is red ochre (goethite Fe,0.H.0). Stilpnosiderite (Fe.0.H.0) gives a yellow ochre 
colour in damp surroundings. If aluminium preponderates colours such as light red, pale pink, and ochre 
result. Gibbsite (A1(0H)>), boehmite (AI00H), and diaspore (H-A10_) have little colour, or are greyish 
and transparent. : 

The physical properties of the laterites vary tremendously. Bulk density ranges from 2 500 to 3 600 
kg/m>, Their hardness rises with the concentration of iron oxides and is associated with an increasingly 
dark colour, and advanced induration can lead to the formation of a hard outer shell. These ferrous 
casings may be anything from a few centimetres to more than a metre thick. 

Lateritic clays are often kaolinite tased. Laterites fall into an extremely wide range of groups: A-2-4, 
Anw-Z-6, A=2°7, A-6, A7-5, A-7"6), 


2 = TERRA ROSSA AND TERRA FUSCA 


These are very slowly decarbonating clays formed over thick layers of hard limestone which were poor in 
clay, prior to the last ice age, when a mediterranean or even tropical climate dominated. Terra rossa, 
is red, and is distinguished from terra fusca by its degree of rubefaction. Terra rossa can be found in 
most mediterranean regions. Further to the north, they are fossil soils which become slowly browner at 
ens surface (as the result of the brown colour of a clay-iron mix). These brown soils are still red 
eep down. 








_— 
3 = PEAT 


This material is the result of the decomposition of vegetable matter exposed to the air, often in shallow 
lakes or in marshland. Peat fs usually dark brown {mn colour and contains plant matter, which can be 


clearly identified as such, and very few minerals. 


4 = BLACK COTTON SOILS 


These soils are found in wet tropical regions and occur over volcanic rock, such as basalt. They are 
most often referred to as “black cotton soils", because of their dark colour (black, or deep grey or 
brown) and from the fact that cotton is often grown on these soils (e.g. fn India). They are rich in 
calcium carbonate and are extremely clayey. The dominant clays are the montmorillonites, which have a 
very high ion exchange capacity. Up ta 90 % of the clays may have a diameter of less than 0.15 yp. They 
are noted for their remarkable swell in moist conditions and equally severe shrinkage upon drying. When 
dry these soils are extremely hard. Close to 500,000 km? of the Indian sub-continent are eovered by 
them. They are also encountered in Northern Argentina, and in various African countries. Im Morocco 
they are calied "tirs® (the plains of Gharb and Loukkes). Other names include Regur soils (India), 
Margalitic soils (Indonesia), Black Turfs (English-speaking Africa). The liquid limits LL of black 
cotton soils is of the order of 35 to 120 % and the plasticity index IP can range from 10 to 80 % or 
more. Their linear shrinkage lies classically between 8 and 18 % To give some examples: the Moroccan 
“eielt has an LL of between 50 and 70 %, an IP of 30 to 35 %, and their shrinkage is between 10 and 12 %. 
tn Sudan the "Badobe"* soils have an LL of between 47 and 93 %, an IP of between 13 to 58 %, and a shrink- 
age of 8 to 18 % Montmorillonite clays often predominate in the Black Cotton Soils. Frequently these 


are A-7-6 and A-7-5 softs. 


5 - LOESS 


# 


Loess is a wind deposit. It is fine and homogenous with a silty texture, low fn sand content, with 
between 10 to 20 % of calcium carbonate. The material originates in desert areas (e.g. in China the 
loess comes from the Gobi desert) or, in areas close to large glaciers, in moraine deposits (as is the 
case in Europe). The loess layers range in thickness from several tens of centimetres to 10 or 20 
metres. Loess is extremely friable. It can be easily excavated (e.g. dug-out dwellings in Northern 
or in Tunisia). 


6 = SALINE SOILS 


These soils are rich in sodium chloride (NaCi) or in sodium sulphate (Na $0,). They are encountered 
mainly in dry areas with semi-desert, steppe or tropical dry climates here high evaporation rates 
prevent natural drainage processes. They may also be found where the underlying soil has a high salt 
content or the ground water contains sait. In arid climates, these soils are often close to the large 
saline subdesert depressions (the Sebkhas or Chotts of Northern Africa, the Playas of North America, the 
Takyr of Central Asia) and in the major irrigated valleys of Egypt, Libya, Israé], Syria, Irak, and 
Turkey. In moist climates saline soils are only encountered near the sea (the polders of temperate 
climates and mangrove swamps in equatorial regions). 


7 = ALLUVIAL SOILS 


These soils border rivers and streams in the wider valleys. They are rich in minerals and are subject to 
a continuing weathering process. Their texture varies, though they are usually filtering, with the 
finest material on their surface (fine sand, silts, clays), and become coarser with depth. Their colour 
varies from brown ochre on higher ground, grey on the flood plain, and black in marshy areas. 





Z\2 DISTRIBUTION OF SOILS 






MAP OF THE MAIN SOILS RECOGNIZED BY SOIL SCIENCE 





MAP OF THE MAIN SPECIFIC SOILS 
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— . BOREAL ZONE : coniferous forest (pod- 
MOUNTAINS : various types of mountain soils =— 3 Sols) 


Et DESERTS = TUNDRA and boreal peat soils 


SEMIDESERT AREAS : cold (sierozem), warm (grey SUBTROPICAL AND MEDITERRANEAN WITH 
and brown sub-arid soils, chestnut soils, iso- A DRY SEASON (predominantly fersial- 
humic tropical soils, ete...) litic soils) 


SUBTROPICAL HUMID AND TROPICAL WITH 


sy LIGHT STEPPE : (chestnut soils, burozems) Ra a (ferruginous soils mee §=BLACK COTTON SOILS 


— — HUMID EQUATORIAL ZONE : dense forest 
DENSE STEPPE (chernozems) ' (ferallitic soils and ferrisols pre- A 
| ) dominate) 7,5) ALLUVIAL SOILS 


HYDROMORPHIC INTRAZONAL SOILS (allu- 


PRAIRIE (brunizems) Win via, gleys, planosols) 


SALINE SOILS 


mrerg TEMPERATE ZONES : deciduous forest (brown wey DEVELOPING INTRAZONAL SOILS (mainly 
4 soils) see greenish soils) 


penny TRANSITION BOREAL ZONE : mixed deciduous and INTRAZONAL SODIUM SOILS (soils con- 
== conifer forest (podsols and leached boreal taining sodium salts or sodium com- 
"— SOils, grey forest soils) pounds ) 
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500 SOIL IDENTIFICATION 


An essential preliminary to any decision involving a 
reliable choice of technology for processing soil into a 
building material is the correct identification of the 
soil. 


There are numerous identification tests which can be 
carried out on soil, relatively few of these, however, 
give results which can be directly interpreted in terms 
of suitability for use in construction. 


The tests which are directly useful can be divided into 
indicator and laboratory tests. These two types of test 
provide information which is indispensable to good de- 
cisions about the use of a building soil. The indicator 
tests must, however, be carried out first, as they can 
provide valuable information about the usefulness of 
carrying out laboratory tests, which are more sophisti- 
cated, take longer to carry out, and above all are more 
exacting to carry out. 


Identification tests give results which are interpreted 
on the basis of soil suitability criteria. 
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IDENTIFICATION PROCEDURES 


Because it is naturally so diverse, soil can be 
difficult to identify. If economies in the 
production of unburnt earth materials and their 
use in construction are to be achieved, the soil 
must be identified with some degree of precision. 
Where simple work is involved identification based 
on experience may be adequate but even so care 
must be taken that all the indicators used in the 
identification process are in agreement. If there 
are any apparent contradictions, the identi fica- 
tion should be confirmed by laberatory tests. 


Where major works are involved the identification | 


should be precise enough to aliow the selection of 
suitable quality controls and to eliminate those 
which serve no purpose; full identification of the 
soil being a tiresome task. A good basic identi- 
fication of the soil can thus ensure considerable 
gains in time and money. However, the utility of 
Specific quality controls will be judged with 
reference to a knowledge of the properties of the 
material and its main components, their fundament- 
al physical and mechanical characteristics, and to 
trustworthy reference materials (e.g. tables, 
nomograms). It should always been borne in mind 
that soil is a complex material and that identi- 
fication alone is not enough to provide an abso- 
lute guarantee of its correct use in construction 
work. Various tests which evaluate the mechanical 
performance of the construction material will also 
be necessary. 

The general procedure detailed below is not 
exhaustive and may be completed by other prece- 
dures. Local knowledge should be sought out and 
traditional knowhow heeded, while procedures 
borrowed from other disciplines such as geology; 
agronomy, and soil scfence can serve as a guide to 
interpretation. There are three basic steps in 
identifying and classifying a soil: 

1° stages identification of the basic character- 
istics and properties of the components of the 
soil which are likely to affect the mechanical 
behaviour of the material; these are the preli- 
minary site analyses, and are visual and manual. 
2° stage: a description of the sofl must be drawn 
up recording the basic characteristics and proper- 
ties which have been identified by the preliminary 
analyses. This descriptive information is neces- 
Sary in order to differentiate the analyzed soil 
from any broader descriptive group. 


4§ 


3° stage: if field analysis has not permitted 
accurate enough classification, laboratory ana- 
lysis will be carried out. This step is only 
required if very exact analysis is required, e.g. 
soils of a very specific nature, mineralogical 
details and so on, The soil may then be assigned 
to a group or even to a sub-group and given a 
classification symbol. 


SOURCES OF INFORMATION 


Before going out to the site, it is advisable to 
consult the information which has been preserved 
or recorded in the form of maps and descriptive 
accounts with respect to geology, soil science, 
geography, surveys, hydrology, rainfall, vegeta- 
tion, agriculture, road networks and so on. A 
comparison of these data provides preliminary 
information which can form a valuable guide to the 
field work. If necessary, local specialists in 
the disciplines referred to may be consulted in 
order to obtain an insight in the available 
information. Further information can often also 
be obtained from regional farm research stations, 
research centres, universities, civil engineering, 
mine and natural resource advisory services, as 
well as from civil engineering contractor, and 
others. 


THE IDENTIFICATION FILE CARD, FILING 


Each sample taken in the field is given an "ident- 
ity card”. This is a file card containing as much 
information as possible about the sample such as 
the place and date of collection, the site involv- 
ed, the person requesting the sampling, sample 
number and core number, sampling depth, name of 
the sampler or corer, weight, special remarks, and 
so. forth. This identity card fis completed as 
more information becomes available and forms a 
File for the sample, and contains the typical name 
of the soil, its group symbol, texture, structure, 
the grain shape, the maximum diameter, {ts gliast- 
icity, mineralogy, smell, colour, state of hydrae 
tion, compactness, compressibility, cohesion, etc, 





SOIL IDENTIFICATION APPARATUS 


The apparatus required for identifying soils may 
be rudimentary - a few tools and instruments of 
che commonest sort such as knives, and various 
flasks and containers - or relatively sophisticat~- 
ed - a fully equipped laboratory, which could cost 
several hundred thousand US dollars to set up. 
However, there is also a compromise solution, 
using moderately priced apparatus: a makeshift 
laboratory, or even a mobile laboratory installed 
in a smal] truck. There is alsa the portable site 
laboratory packed in a suitcase. This type of 
compact laboratory is very practical and allows 
the most essential tests to be carried out. The 
apparatus contained in such a- field kit should 
make it possible to test for the following: 
brilliance, adhesion, decantation, sedimentation, 
grain size, plasticity, compactibility (not 
absolutely necessary), cohesion, mineralogy, and 
chemistry. 

The soil identification apparatus referred to here 
should by implication be suitable for carrying the 
less sophisticated series of tests and trials. it 
must be realized that these will above all be 
field tests, involving apparatus and tools such as 


a small pick, knives and spatulas, several reci- 


pients for materials which must be kept, a grad- 
# 

uated flask, moulds for the linear and volumetric 

shrink tests, a pocket rule, and so on. 


1 - COLLECTING SAMPLES 


A manual auger or mechanfcal version mounted on a 
lorry can be used. Augers allow rapid sampling 
to considerable depths. With extensions depths of 
between 5S and 6 metres can be reached, and of 
between 0.60 and 0.70 m without extensions. 
Normal sizes for augers range from 6 to 25 cm. 
They weigh about 5 kg increasing by 3 kg with 
every 1 m extension. The main drawback of the 
tool is the risk of mixing surface layers with 
those at a greater depth. 

An alternative is to dig a hole with a side of 1m 
to a depth of 2 m. The hole should be property 
oriented with respect to the sun in order to 
facilitate observation. Precautions must also 
taken to ensure the safety of the labourers as 
there is a cavecin risk when working in poorly 
cohesive material. The excavated earth is removed 
in its entirety and no samples are taken from it. 
The soil used in the analysis is taken from one of 
the sides of the holes by digging sideways into 
the wall. Samples can also be taken from natural 
slopes where the dip of the soil layers is clearly 
visible. Care should be taken to remover all the 
vegetation and organic matter from the surface. 


@ = SAMPLE WEIGHT 


In principle, 1.5 kg of soil is enough for al] 
basic identification tests, except for compactibi- 
lity tests, which require 6 te 10 kg. If at least 
one brick measuring 29.5 x 14 x 9 cm is to be 
tested, 10 kg of sail is required. The quantity 
of soil to be taken for the sample will depend on 
the number and type of tests to be carried out, 
on the degree of precision required as this may 
make a doubie test series necessary, on the ex- 
penses and difficulties involved, as the cost of a 
test is often related to the quality of the soil 
under test, and finally on grain size, as a large 
grain soil requires a larger sample than a fine 
soil. 


3 - SAMPLE QUALITY 


The sample must be representative of the quality 
of the soil under test. In order to ensure that 
the sample is representative, an effort must be 
made to ensure that certain general principles are 
observed. | 

- Care must be taken to avoid soil contamination 
due the mixing of different sampling horizons. 


= Take nothing and add nothing to the sampie. Do 


not try to improve its natural state. 

- Take samples from only a very restricted area. 

- If the soil is heterogenous, do not try to take 
an “average” but take more sampies from each 
different soot. 

- In order to divide a sample up, place it in the 
shape of a cone on a clean tissue; flatten it and 
divide it into four. Discard two of the opposing 
sectors, then shape the material inte a cone again 
and repeat the operation until the desired quant- 
ity fs obtained. 


4 ~ SAMPLE PACKING 


The samples are packed into recipients or water- 
proof bags which cannot be broken or ruptured 
during transport, lf the original state of 
hydration is to be maintained, packing in paraffin 
wax can be recommended. The containers should be 
carefully labelled. The identifying label being 
packed inside the container {n order to prevent it 
being lost, blurred, or altered during handling. 
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SSS a a pe es ee re eer. 


Field work requires a number of rapid identifica- 
tion tests to help in determining what soils are 
likely to be suitable for construction purposes. 
These simple field tests make it possible to 
evaluate some of the properties of the material 
and to determine the suitability of the soil for 
construction purposes. These tests are somewhat 
empirical; and they should be repeated to ensure 
that more than superficial impression is gained. 
From these tests it can be seen whether further 
laboratory testing is justified. 


1 ~ VISUAL EXAMINATION 


The dry soil is examined with the naked eye to 
estimate the relative proportions of the sandy and 
fine fractions. Large stones, gravel, and coarse 
sand are removed in order to facilitate evaluation 
(this operation must also be carried out for all 
the following tests). The fines fraction is made 
up of grain sizes with a diameter of less than 
0.08 mm. This diameter lies at the limit of the 
resolving power of the human eye. 


2 - SMELL TEST 


The soil should be smelt immediately after remov- 
al. If it smells musty it contains organic 
matter. This smell will become stronger if the 
soil is heated or wetted. 


3 - NIBBLE TEST 


The tester nibbles a pinch of soil, crushing it 
lightly between the teeth. The soil is sandy if 
tt grinds between the teeth with a disagreeable 
sensation, Silty soil can be ground between the 
teeth but without giving a disagreeable sensation. 
Clayey soil gives a smooth or floury sensation, 
and a small piece of it is sticky when applied to 
the tongue. Of course care should be taken that 
it is safe to place any such samples in the mouth, 


4 - TOUCH TEST 


After removing the largest grains, crumble the 
soil by rubbing the sample between the fingers and 
the palm of the hand. The soil is sandy if a 
rough sensation is felt and has no cohesion when 
moist. The soil is silty if it gives a slightly 
rough sensation and is moderately cohesive when 
moistened. The soil is clayey, if when dry it 
contains lumps or concretions which resist crush- 
ing and if it becomes plastic and sticky when it 
{s moistened, 


3 ~ WASHING TEST 


Wash the hands with the slightly moistened soil. 
The soil is sandy if the hands easily rinse clean. 
The soil fs silty if it appears to be powdery and 
the hands can be rinsed clean without any great 
difficulty. The soil is clayey if it gives a 
clayey sensation and the hands can be rinsed clean 
only with difficulty. 


6 =- LUSTRE TEST 


A slightly moist ball of earth is cut fn two with 
aknife. If the freshly revealed surface is dull, 
the soil will be predominantly silty. A shiny 
surface on the other hand indicates the presence 
of a plastic clayey soil. 


7 = ADHESION TEST 


Take a mass of moist soil but which does not stick 
to the fingers and stick a spatula or knife into 
to it. The soil is extremely clayey, if the 
Spatula penetrates fit only with difficulty, and 
soil sticks to fit upon withdrawal. The soil is 
moderately clayey, if the spatula can be pushed 
into it without great difficulty and soil sticks 
to it upon withdrawal. The soil contains only a 
little clay ff the spatula can be pushed into it 
without encountering any resistance at all, even 
if the spatula is dirty upon withdrawal. 


8 = SEDIMENTATION 


The foregoing tests make it possible to form an 
idea of the texture of the soil and the relative 
size of the different fractions, as well as of the 
quality of the fine fraction. To obtain a more 
exact idea of the soil fractions a simplified 
sedimention test can be carried out in the field. 
The apparatus required need only be simples a 
transparent cylindrical glass bottle, with a fiat 
bottom and a capacity of at least one litre and 
with a neck wide enough to get a hand in, but 
smal] enough to be closed off with the palm. 

Fhe test procedure is as follows: 

- fill the bottle a quarter full with soil; 

~ fill the remaining threequarters with water; 

- leave the bottle to stand so that the soil jis 
soaked. The soaking can be facilitated by dis- 
turbing the soil manually; 

- shake the bottle vigorously; 

= decant the murky. water; 

* shake again after an hour and decant again; 
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- after a further 45 minutes, it will be seen that 
the sand has been deposited on the bottom of the 
bottle. Above it fs a layer of silt and above the 
silt a layer of clay. On the surface of the water 
floats organic debris, while any very fine col- 
loids will remain in suspension in the water. 
Normally eight hours are allowed to go by before 
measuring the different layers precipitated. 
Fiest of all the overall depth of the sediment 
(100 %) is measured, without including the depth 
of clear water covering them, and then measure 
each separate layer. 

This. measurement of the respective depths of the 
sediment, which makes it possible to estimate the 
percentage of each grain fraction, is slightly 
distorted by the fact that the silt and clay 
fractions will have expanded and are thus slightly 
larger than they really are. 


9 = SHRINK 


The linear shrink test, or Alcock's test, is 
performed with the help of a wooden box, 60 cm 
long, & cm wide and 4 cm deep. The inside sur- 
faces of the box are greased before being filled 
with moist soil with optimum moisture content 
(OMC). The soil is pressed into the corners of 
the box with a small wooden spatula which jis also 
used to smooth the surface. The filled box is 
exposed to the sun for a period of three days, or 


“left in the shade for seven days. After this 


period the hardened and dried mass of soil is 
pushed to one end of the box and the total shrink 
of the soil is measured from the soil to the other 
end of the box. 


lt is now known whether the soil contains large 
or small amounts of coarse material, or large or 
smal] amounts of fines. It is also possible to 
determine the relative proportions of clay and 
silts in the fines, and to determine the presence 
of organic material. These thus are tests which 
can be carried out with the means immedfately 
available. They may lack precision but are very 
useful when working in difficult conditions far 
away from all laboratory equipment. 

Nevertheless, when these tests are systematically 
and stringently carried out it is possible to make 
fairly accurate estimates of the quality of the 
soil being contemplated for use in construction. 


ADHESION TEST 


LINEAR SHRINK TEST 


ORGANIC 
MATERIAL 


CLAY 
SILT 


SAND 








303 FIELD CLASSIFICATION PROCEDURE 
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When preliminary field analyses do not give sufficiently satisfactory results, it is advisable to 


carry out another series of tests based primarily on the observation of the soil texture, its plastic- 

ity and cohesion. These tests require no sophisticated equipment, other than a few recipients, a 
: 3 

length of flexible tubing, and a spoon. This second series of tests should make it possible to 
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classify the soil from the engineering geologist's point of view. 





DECANTATION 


The test procedure starts in the same way as that 
for the sedimentation test. The bottle containing 
the soil sample and the water jis shaken vigorous- 
ly, and is then decanted. The water and the 
suspended material are siphoned off into a 
recipient using a flexible tube with an inside 
diameter of at least 0.50 cm. This operation may 
be repeated several times. The excess water, 
which may still contain different grain fractions, 
is evaporated off.Decantation is not a particular- 
ly accurate separation method but is more effec- 
tive than the simple visual evaluation of two 
fractions. 
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304 VISUAL ANALYSIS OF FINES 





The analyses appearing below were carried out on the "fine mortar™ (diam. ( 0.4 mm) graded by sieving, 


or by the decantation test on the grain fraction with a diameter of { 2 m. 


ORY STRENGTH TEST 


WATER RETENTION TEST 


COHESION TEST 








1 = DRY STRENGTH TEST 


Prepare two or three pats of soft soil. 

Dry the pats in the sun or in an oven until they 
have completely dried. 

Break the soil pat and attempt to pulverize it 
between thumb and index finger. 

Estimate the strength of the pat, interpret. 


2 = WATER RETENTION TEST 


Prepare a ball of "fine mortar” of 2 or 3 cm in 
diameter. 

Moisten the ball so that it sticks together but 
does not stick to the fingers. 

Slighty flatten the ball and hold it in the palm 
of the extended hand. Hit the palm of the hand 
holding the ball vigorously so that the water 
runs out. The appearance of the ball may be 
smooth, shiny or greasy. 

Next press the ball flat between index finger 
and thumb and observe the reactions, interpret. 


3 = CONSISTENCY TEST 


Prepare a ball of "fine mortar" of 2 or 3 cm in 
diameter, 

Moisten the ball so that it can be modelled 
without being sticky. 

Roll the ball on a flat clean surface until a 
thread is slowly formed. 

If the thread breaks before its diameter is 
reduced to 3 mm, the soil is too dry; add water. 
The thread should break when its diameter is 
3 mm. 

When the thread breaks, make it into a small 
bail again and crush ft between thumb and index 
finger, interpret. 





4 ~- COHESION TEST 


Make a roll of soil about the size of a sausage 
with a diameter of 12 mm. 

The soil should not be sticky and should be 
capable of being shaped so that it makes a 
continuous thread 3 mm in diameter. 

Piace the thread in the palm of the hand. 
Starting at one end flatten it between index 
finger and thumb to form a ribbon of between 3 
and 6 mm in width (handle with care) and which 
is as long as possible. 

Measure the length obtained before the ribbon 
breaks. Interpret the result. 


nd 





(Es re a eg a a ee Ee i ee ee EEE Eee eS Oe 
OBSERVATIONS INTERPRETATIONS 
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HIGH DRY STRENGTH « A dry pat is very difficult to break. When it 


dees, it breaks with a snap, tike a dry biscuit. 
The soil cannot be crushed between thumb and 
forefinger, it can merely be crumbled, though 
without reducing it to dust: ALMOST PURE CLAY. 


MODERATE ORY STRENGTH - A pat fis not too difficult to break. Jt can be 
crushed to powder between thumb and forefinger 
after a little effort: SILTY OR SANDY CLAY. 


LOW DRY STRENGTH . A pat can be easily broken and can be reduced to 
| powder between thumb and forefinger without any 
difficulty at alls SILT OR FINE SAND, LOW CLAY 

CONTENT. 


- 





RAPID REACTION « 5 of 6 blows are enough to bring the water to 
the surface. 

When pressed the water disappears and the bail 
crumbles: VERY FINE SAND OR COARSE SILT. 


SLOW REACTION - 20 to 30 blows are needed to bring the water to 
the surface. 
When pressed the bal! does not show any cracking 
nor does it crumble; it flattens: SLIGHTLY 
PLASTIC SILT OR SILTY CLAY. 


> VERY SLOW REACTION OR NO REACTION AT ALL . No water appears on the surface. 
When pressed the ball retains its shiny appear- 
ances CLAYEY SOIL. 


HARD THREAD 





- The small reconstituted ball is difficult to 
crush, does not crack nor crumble: HICH CLAY 
CONTENT, 


- The small reconstituted ball tends to crack and 
crumble: LOW CLAY CONTENT. 


MEDIUM HARD THREAD 


« It is impossible to make a little ball from the 
thread without fit breaking or crumbling: HICH 
SAND OR SILT CONTENT, VERY LITTLE CLAY. 


FRAGILE THREAD 


. The thread and the reconstituted bal] has a soft 
or spongy feel: ORGANIC SOIL. 


SOFT OR SPONGY THREAD 





LONG RIBBON 
(25 to 30 em) 


e HICH CLAY CONTENT. 


SHORT RI BSON . LOW CLAY CONTENT, 


{5 to 10 cm obtained with difficulty) 


NO RIBBON AT ALL . VERY LOW CLAY CONTENT, 
SS SSS SS ELS a 


53 





305 TEXTURE : GRAINSIZE DISTRIBUTION ANALYSIS 
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SIEVING 


This consists of passing the soil through a series 
of standardized sieves set on top of one another 
with the finest sieve at the bottom and observing 
the grain fractions retained by each sieve. 


1 - METHOD 


Sieve analysis is carried out on the grain 
fraction with a diameter greater than 0.08 mm. 
The amount of soil required is about 800 g. Less 
1s required for fine soils, while more must be 
used for coarse soils (2 to 3 kg). The equipment 
required for the test is a set of standardized 
sieves (square holes) or screens (round holes), 
two holders containing the sieves, a 500 mi 
Squeeze wash bottle, a 2 to 5 kg balance with an 
accuracy of least 0.1 9, a gas boiling ring, 
artist's brushes, a pan and trays, a spatula, 
asbestos gloves, and an oven (optional). The 
sieve sample is dried. until it reaches its con- 
stant weight, which is then recorded. Siteving is 
carried out sieve by sieve, in water. The rinsing 
makes it possible to wash and to separate the fine 
material from the sand and = gravel. The 
rinsed fines are recovered on each occasion in a 
receptacle and transferred to another receptacle 
containing the following sieve and so on until al] 
the sieves haves been tried. The material reject~ 
ed by each sieve is dried and weighed and its dry 
weight recorded. When sifting fines (smaller than 
0.4 mm) the material is agitated with an artist's 
brush, The flexible wash bottle allows the 


careful rinsing off of the material retained by 
each sieve, 





2 = EVALUATION OF THE METHOD 


Although there are a large number of variations on 
the method, sieve analysis is a fairly reliable 
procedure as the result remain more or the less 
the same regardiess of the exact method used. 
Differences between sieves and screens can also be 
fairly large although there is a tendency towards 
the abandonment of screens in favour of sieves. 
Even so grain size distribution curves vary, which 
makes it difficult. to compare results. Nowadays 
all types of conventional diagrams can be used 
without risking incorrect interpretation. One 
drawback lies in the fact that grain fractions are 
expressed by weight while .soiil texture is more 
often expressed as a volume. Indeed the specific 
gravity of fractions of fine sand and of clay are 
very different, but special criteria for inter- 
pretation Rave consequentiy been introduced. 
Orying on the boiling ring can cause changes in 
mineral structure, ff the temperature {s allowed 
to rise too high, while drying in a drying cabinet 
is very slow. To avoid these drawbacks a method 
has been developed which weighs the retained 
material when wet making use of the displacement 
method, thus eliminating the need for drying. 


3 - SIMPLIFIED METHOD 


There is also a simplified sieve analysis method, 
which makes use of siphoning. The fraction of the 
material which has passed through a 2 mm or 5 mm 
sieve jis poured out into a 20 cm graduated flask 
and allowed to settle for 20 minutes. The mater~ 
{al still in suspension at the end of this period 
is siphoned off, allowed to dry and weighed. The 
sedimented material is passed through a series of 
sieves. The material retained by each sieve is 
dried and weighed. 


4 - COEFFICIENTS 


Any given grain diameter is referred to by the 
letter "D" accompanied by a figure which indicates 
the percentage passing through the sieve. For 
example 050 = 2 mm means that 50 % by weight of 
the soil is composed of grains with a diameter of 
less than 2 mm. In order to determine if the 
grain size of the soil is suitable, coefficients 
have been laid down which give an indication of 
the shape and the slope of the grain size distri- 
bution curve: 

coeff. of uniformity: Cu = 060/010, — 

coeff. of curvature: Ce = (D30)2/(D10 x 060). 





SEDIMENTATION 


Sieving gives only an incomplete picture of grain 
sizes. While it may be enough for the majority of 
road works, it is not entirely suitable for 
building in soil as the latter technique demands 
an analysis of the fines with a diameter of 
( 0.08 mm. An analysis of these elements can be 
made by means of sedimentation. The principle of 
this technique is the fact that particles in sus- 
pension in water tend to fall at different rates. 
The largest grains settle first, while the finest 
settle last. Changes in density are measured at 
regular intervals at a given height (reduction of 
density as the liquid clears). When the speed of 
descent of the various grain sizes is known the 
proportions of the different grain sizes can be 
calculated. 


1 - METHOD 


For sedimentation analysis the following apparatus 
is required: two graduated 1000 m! flasks, with a 
diameter of 5.5 cm,.1 hydrometer graduated f rom 
995 to 1050, a thermometer and a chronometer. The 
soil fraction with a diameter of less than 0.08 mn 
requiring analysis is first prepared. 20 g of mao 
terial are taken from the fines which have been 
dried after sieving and mixed with 20 ce of dis- 
sersant. After dispersion it fs essential to 
check that the solution is not acid (pH 9.5) as 
there is a danger that the clays will floccuiate. 
The solution is stirred with an agitator for 3 
minutes and left to stand for a period of 18 
hours. Measurements can start after this waiting 
period. The solution in the first flask is again 
stirred for 3 minutes and after waiting 45 seconds 
the hydrometer is placed in the solution. Without 
removing the hydrometer make measurements after 1 
minute and after 2 minutes, using the chronometer 
to check the elapsed time. The subsequent mea- 
surements should be taken after 5 minutes, 10 
mins., 30 mins., 1 hour, 2h., 5h., and 24 h.. The 
hydrometer should be placed in the solution about 
15 seconds before taking 2 reading, and it should 
be taken out as quickly as possible in order to 
make the control reading on the control sample. 
it is extremely important to ensure that the tem- 
perature of the two samples is the same when 
making the measurements as any difference may 
seriously affect the quality of the test. The 
test is not used for grain sizes below 0.001 m as 
turbulence phenomena and dispersion start to af~ 
fect the sedimentation process adversely. 


2 = EVALUATION QF THE METHOD 


The measurements made in sedimentation tests take 
only a few moments but from beginning to end the 
test lasts to close to 48 hours. Various problems 
may arise with the first measurements, and when 
the results are plotted on the grain size distri- 
bution chart it will be seen that the sedimenta- 
tion curve does not correspond well to the sieving 
curve. in that case the sedimentation test will 
have to be repeated. 


3 ~ DISPERSANT 


The addition of a dispersant to the fines in sus- 
pension prior to analysis is absolutely essential. 
Various compounds may be used but one of the most 
widely employed is sodium hexametaphosphate in the 
proportion of 20 g per litre of water. The sai- 
ution ought to be well mixed and used immediately. 
Other compounds can be used as well but then it is 
imperative to recalibrate the test against the 
method using sodium hexametaphosphate. Aiterna- 
tive dispersing agents, used in the proportion of 
1 g per ce of distilled water include: 

= gum arabic; 

- bicarbonate of soda; 

- sodium silicate (window cleaning product); 

- bases or basic salts such as: washing soda, 
ammonia, sodium silicates in solution, and soda 
ash in solution. 
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306 TEXTURE : DIAGRAMS 


CORRESPONDENCE OF SIEVE IDENTIFICATION 


















A.F.N.O.R. XII-501 (mm) 
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PARTICLE-SIZE DISTRIBUTION CHART 
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307 


PLASTICITY 








A soil may have different states of consistency. 
It may, for example, be liquid, plastic or solid. 
The Swedish research worker, Atterberg, defined 
these states, which correspond to different water 
contents, and boundaries dividing them by limits 
and indexes expressed in the percentage water 
content by weight. Five limits can be measured: 

- the liquid limit; 

- the plastic limits; 

= the shrink limit; 

= the adsorption limit; 

- and the limit of adhesion. 

The most important of these limits are the first 
two, while the other three, interesting as they 
are, are only rarely used. The determination of 
the Atterberg limits is usually carried out on the 
“fine mortar" fraction of the soil which can pass 
through a 0.4 mm sieve, water having little effect 
on the consistency of larger grain sizes. 


1 = METHOD 


- LIQUID LIMIT (LL): this is the transition from 
the plastic state to the liquid state. LL is 
measured with the Casagrande apparatus. Between 
50 and 70 g of previously prepared fine mortar is 
spread in the cup (maximum thickness = 1 em) and 
divided into 2 parts by a standard axial groove 
(min, length = 4% om). LI is the water content 
expressed as a percentage by weight of the mater- 
fal after drying in an oven at 105° C at which the 
groove closes over a length of 1 ecm under the 
influence of 25 blows produced by allowing the cup 
to drop from a height of 1 cm onto a hard surface. 
- PLASTIC LIMIT (PL): this is the transition from 
the plastic state to the solid state with shrink. 
Lp is the moisture content expressed as a percen- 
tage by weight of the material after drying fn a 
cabinet at 105° C at which a thread of fine mortar 
breaks into sections of between 1 and 2 cm long 
when the thread is reduced to a diameter of 3 mm. 
The thread should be between 5 to 6 cm long. 

= PLASTIC INDEX (PI): is an indicator of the plas- 
ticity of the soil. Pl = LL = PL. The greater PL 
becomes, the greater the swell. when the soil is 
moistened and its shrink when it dries. P! is 
thus a measure of the likelihood of the material 
becoming deformed. 


2 = EVALUATION OF THE METHOD 


The results of Atterberg limit tests depend on how 
carefully the procedures are followed, and the 
"touch" of the tester, These tests are indeed 
empirical in nature but have proved to be enor- 
mously useful, 


3 = INTERACTION OF PARAMETERS 


In fact it is just as much the quantity as the 
quality of the clay fraction which influences the 
plasticity of the soil and consequently the 
Atterberg limits. Diagrams of Atterberg limits 
delineate areas which qualify: the soils under 
consideration. Because there is a mathematical 
relationship between LL, PL, and P! it is enough 
to draw up a diagram for two of these parameters 
with P! on the ordinate for LL to be given on the 
abscissa. 


~ 1 = COHESION: depends on the moisture content, 
and this can be very high with small grain sizes. 
Cohesion is high when the moisture content jis less 
than PL: a virtually solid state where the water 
becomes a binder the viscosity of which affects 
cohesion. At PL, the quantity of water fs such 
that it possesses the properties of free water. 
When the moisture content increases, the apparent 
cohesion (pore water pressure, surface friction) 
falls to nothing. At LL, the true cohesion itself 
disappears. Thus P! 2 LL - PL describes the co- 
hesion of the soil; but comparative trials have 
demonstrated that the part of P! )> 1/4 of LL 
represents the quantity of water necessary to 
overcome existing true cohesion, thus specifying 
the degree of true cohesion of the surface of the 
particles, which also depends on the mineralogical 
nature of the clays. 
° 


- 2 + COEFFICIENT OF ACTIVITY 


Pi 


lias % clays with a 6 of 2p 


This coefficient indicates the activity of clays. 
if the activity of the clay is considered in 
relation to its quantity, a value can be put on 
the expansivity of the mortar. Apparently contra- 
dictory results may be obtained: extremely active 
clays associated with low expansivity of the 
mortar, if the latter contains only a= small 
proportion of the clay. , 

© Ca ( 0.75 : inactive (1); 

- 0.75 { Ca (1.25 : average activity (AA); 

- 1.25 (Ca ¢ 2 : active (A); 

- Ca ) 2 very active (VA), 


- 3 - OTHER RELATIONSHIPS the Atterberg limits 
are also to some extent related to other . para- 
meters such as: 

- maximum dry density; 

- optimum moisture content 

- linear shrink 

- compression strength. 
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LIQUID LIMIT LL. (3) 


| HIGHLY COHESIVE 


VERY COHESIVE 


MEDIUM COHESIVE 
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LIQUID LIMIT LL (3) 


MEDIUM 
ACTIF 
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QUANTITY OF CLAY (3) 
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QUANTITY OF CLAY (3) 
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308 COMPRESSIBILITY 




































STANDARD PROCTOR TEST 






TAMPER WEIGHT : 2.496 Kg 
TAMPER DIAMETER ; 5.08 cm 
DROP HEIGHT : 30.5 cm 
MOULD VOLUME : 949 cm? 
MOULD DIAMETER 
MOULD HEIGHT 



















: 10,16 cm 
: 11.70. cm 
SOIL WEIGHT © 1S.Kg 
ENERGY > 6.J/em? 
BLOWS PER LAYER : 25 

LAYER HEIGHT 







































LAYERS PER SAMPLE : 3 


If soil compaction is to be effective, it must be 
carried out on material whose moisture content is 
such that it ensures good lubrification of the 
grains so that they can be rearranged to occupy 
the least space possible, The optimal moisture 
content (OMC) at which the maximum dry density can 
be obtained, is determined by the Proctor compac> 
tion test (after the American contractor who 
perfected the test). The results are recorded on 
a graph where the Y axis represents dry density, y 
d, expressed in kg per m? and with the water 
content L expressed in percentage by weight on the 
X axis. The 3 main variables involved in obtain- 
ing the maximum dry density are: texture, water 
content, and compaction energy. 


1 - METHOD 


The Proctor compaction test is in principle 
carried out on that fraction of the soil which 
passes through a 5 mn sieve but can tolerate 
grains of up to 25 mm in size. A soil sample of 
which the water content is known (weighed and 
compared with the dry weight obtained after drying 
in am oven at 105°C) {is placed in a standard 
cylindrical mould (which itself has been wei ghed 
in advance). Compaction is carried out on three 
layers of equal thickness and in such a way that 
the compacting force is equally distributed over 

the surface of the layers with a standard weight 

falling 25 times from a predetermined height. 

Each time the operation has been completed the 

mould and the sample is weighed and the results 

are recorded on a Proctor diagram as a curve 

passing through the points drawn from the test 

results. From this curve it is possible to read 

off the maximum value for y d and the optimum 

moisture content. The most usual Proctor tests 

are the AASHO standard Proctor test and the AASHO 

modified Proctor standard, 


2 = EVALUATION 


This test is only applicable when the. sof 
construction technique used involves dynamic 
compaction such as rammed earth or blocks com- 
pacted by means of a rammer. 

In theory at least, ft is not applicable to blocks 
compacted statically or dynamfcally by vibration 
or hammering. Nevertheless it has been found that 
test values of the standard test correspond very 
closejy to those obtained in manual presses, 
values, The test is not valid for techniques such 
as adobe, cob, etc. 
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3 = INFLUENCES 


@ | = COMPACTION ENERGY: as compaction energy 
increases so does the dry density, while the OMC 
is reduced. In general the Proctor curve is more 
pronounced with increasing compaction and is 
flatter when the compaction energy is lower. 
Above the OMC and. when the volume of air is 
neglible increasing compaction has little effect 
on dry density (ys), while below the OMC and for 
significant volumes of air the effect of increas- 
ing compaction is very evident. The elimination 
of air can never be totally achieved and thus nor 
can the maximum theoretical dry density be achiev=- 
ed (often fixed at 2 650 kq/m*). 


2 = MOISTURE CONTENT: soil is difficult to 
compact at low moisture contents. Low values for 
Yd are obtained and the volumes of air (Va) are 
high. An increase in moisture content lubricates 
the soil and makes it more workable: values for Yd 
are higher and Va is reduced. ‘Yd max is obtained 
at the OMC. if moisture content is increased, Va 
will be decreased but the combination of water and 
air will prevent any appreciable reduction of the 
volume of air. The total volume of air and water 
increases and Yd i$ reduced. 


- 3 - TEXTURE ‘yd max. depends on the type of the 
soil and its main characteristics where: 

- mean grain size exceeds 50 % (D050) on the grain 
size distribution curve. 

. Clayey soils: Yd max. = 2 000 kg/m. 

. Sandy soils: Yd max. * 2 200 kg/m?. 

. Gravel soils: Yd max. = 2 500 kg/m. 

Qn average yd max. of a compacted soil ranges from 
1 700 to 2 300 k/m>, 

- grain size distributions when grain size is 
uniform, porosity is higher and sensitivity to 
moisture content is reduced. The Proctor curve is 
then flattened. When there is a wide distribution 
of grain sizes the Proctor curve is more pronounc- 
ed. 

- the % of grains with a 6 ( 0.08 mm makes varia~ 
tions in Yd with water :sontent more pronounced, 
and results {in sharper curves. 


DRY DENSITY AND OPTIMUM MOISTURE CONTENT 
ARE AFFECTED BY COMPACTION ENERGY 
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207 COHESION 





The cohesion test, which is also referred to as 
the wet tensile test, or the 8 test (from the 
shape of the test sample) was developed in Germany 
by Niemeyer. [it was first published in 1944 and 
was subsequently adopted by Wagner, and finally 
taken up in the DIN system of standards in 1956, 
The soil is made up of two main grain fractions: 
inert material (6 ) 2 mm) and coarse mortar (¢ ¢ 
2mm). If the coarse mortar is examined in order 
to obtain some idea of the mutual cohesion of 
grains, a tensile strength test must be carried 
out. In order to shorten the duration of this 
test it fs carried out on 3a wet sample, which 
saves drying time. The test can be performed 
either in the laboratory or in the field. In the 
laboratory a balances with automatic loading can be 
used or a standing bracket with an automatic 
loading and cut-off device, or an entirely auto=- 
matic apparatus with an automatic recorder. In 
the field a few planks and nails, bits of wire and 
suitable recipients are enough, and the sample is 
Suspended from the branch of a tree, a table, a 
door frame, or similar. The sand used to load the 
“sample can be replaced by a liquid such as water, 
or sump ofl. The distance that the load falls 
should be kept to a minimum. 


1 - METHOD 


The grain fraction with a diameter greater than 
2mm is eliminated by sieving. The test is thus 
carried cut on the coarse mortar after drying and 
crushing. The soil is crushed on a metallic plate 
(60 x 60 em) using a hammer (2.5 x 2.5 cm), adding 
water at regular intervals, until a compact pan- 
cake with a plastic consistency is obtained. This 
pancake is then lifted with a knife and sliced in- 
to broad strips which are placed vertically on 
edge next to one another, and then again crushed 
with the hammer, The operation is repeated with a 
new pancake being obtained, which in turn js cut 
into slices and again crushed until] the structure 
of the pancake fs quite uniform on its lower sur- 
face and of the same humidity throughout. The 
soil, which must be perfectly dry prior to pre- 
paration, should then be allowed to rest for 12 to 
24 hours in order to obtain the best possible 
dispersion of the moisture and consequently the 
best possible cohesion of the grains. 
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‘A sample of 200 g of the prepared soil is taken. 
The density of this soil is further increased by 
kneading and pressing it several times agains a 
metal plate. The material is then rolled into a 
ball with a diameter of SO mm. Prolonged mani- 
pulation should be avoided as this may result in 
local variations in the consistency of the ball. 
For lean soils the diameter of the ball should be 
reduced by between 0.5 and 1 mm. For fat soil 
the diameter should be increased by between 90.5 
and 1 mm. The diameter is to be checked with a 
ring. The next step is to allow the ball to fall 
from a height of 2 m onto a smooth hard surface. 
The right consistency has been obtained when the 
flattened part of the ball is exactly 50 mm thick. 
If it is larger or smaller the preparation must be 
corrected by allowing it to dry where 6 ) 50 mm 
(sail too plastic) or to add a smal} quantity of 
water with a spray where 6 ) 50 mm (soil teo 
dry). 

The sample is then given its test form by shaping 
it in a lightly ofled figurecof-eight mould, the 
prepared soil is vigorously tamped, in three 
fractions, until no further increase in density is 
observed. The two sides of the sample are then 
equalized with a knife, without moistening them. 
The sample fs removed forthwith by allowing the 
mould to drop on a hard surface from a height of 
10 cm. At least three samples should be prepared. 
The sample is suspended from the measuring appara-~ 
tus by a steel or hardwood hook with an inside 
diameter of 70 mm, and an opening of 35 mm (for 
steel hooks the section should be 22 mn). Hanging 
from the sample is another hook which carries the 


recipient for the breaking ioad. The loading sand 
(6 = 0.2 mai to 1 mm) is supplied from a hopper at 
a rate of 3000 g in 4 minutes; i.e. 12.5 g per 
second of a maximum of 750 g per minute, until the 
sample breaks. If the broken section contains a 
foreign body, the prepared soil is not uniform and 
the measurement must be rejected, The result for 
cohesion {s the mean of three measurements with 
values which do not diverge by more than 106 8. 
lt is expressed in CN/em? (g/em*) or CN/5 em?, the 
section of the sample being 5 cm?, 
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310 MINERALOGY 


MINERALOGICAL ANALYSES 


After determining the grain distribution of the 
soil, it is useful to study the minerology of the 
fine fraction in order to be able to determine the 
volumetric stability of the soil and its cohesion, 
This knowledge is essential when it is intended to 
Stabilize the soil (physicochemical reactions of 
minerals). Among the hundreds of minerals inelud- 
ed in the fine fraction of the material, fewer 
than ten are of any great importance and directly 
concerned with construction in soil. Simple soil 
tests, based on visual observations followed by an 
Emerson test allow preliminary evaluations to be 
made with a reasonable degree of accuracy. These 
tests, which cost little and are very effective, 
make it possible to select the samples which 
should be subjected to further laboratory analysis 
and can permit considerable savings in time and 
money in carrying out mineralogical analyses. 





OBSERVATION OF THE ENVIRONMENT 












- turbid water with 23 brownish yellow or 
brownish red colour: montmorillonites, ii- 
lites, salts in the soil. 

- Clear water: calcium, magnesium, very acid 
soil with a high iron content, sands. 

~ Clear water with mottled or bluish deposits: 
non-saline kaolins. 

- Eroded gulleys or natural tunnels: saline 
clays, often montmorillonites. 

«- As above but less marked: kaolinites. 

- Earth slips: kaolinites, chlorites. 

- Surface micro-relief: montmorillonites. 

~ Granite pebbles: kaolinites, micas. 

- Basalt pebbles and poorly drained landscape: 
montmorillonites. 

- As above but well drained: kaolinites. 

- Sandstone pebbles: kaolinites. 

- Shale pebbles: montmorillonites or illites, 
perhaps saline soil. 

- Calcareous pebbles: alkaline montmorilton- 
ites and chlorites with diverse properties. 




















X - RAYS AND OTA 


These extremely accurate analyses suffer the 
disadvantage of being very expensive (= $ 100 per 
sample). The samples analyzed are very> small 
(sieved to 40 uy) and must be representative of the 
soil used. Only fully equipped laboratories can 
perform and interpret these analyses, which are 
chiefly qualitative and are rarely quantitative. 
The analysis of X = ray diffraction of heated 
samples makes it possible to measure the charac- 
teristic height and position of the diffraction 
fringes according to the scanning of the corres- 
ponding diffraction angles. In differential 
thermal analysis (DTA), the sample is heated from 
20 to 900°C. Water losses and the effects they 
bring about, which are typical of various miner- 
als, are recorded at these different temperatures. 
These expensive and sophisticated analyses must be 
limited to exceptional cases. 


PROFILE ANALYSIS 


- Mottled clays, with patches of red, orange, 
white: kaolinites. 

- Mottled clays, with patches of yellow, 
orange, and grey: montmorillonites. 

- Clays {fn muted colours, dark greys to 
blacks: montmorillonites. 

~ Brown and reddish-brown clays: illite in ap- 
preciable quantities and a few montmorillon- 
ites. 

- White and light-grey clays: kaolinites and 
bauxites,. 

~ Discrete highly reflective micrograins: mica 
soils. 

- Discrete microcrystals; easily crushed: 
soils rich in gypsum. 

~ Soft pieces easily dissolved in acid, widely 
distributed; carbonates. 

- Hard pieces, reddish brown: iron ore, 
laterites, 

~ Numerous wide, long, deep cracks with little 
Space between them (5 or 6 cm at the most): 
iViites rich in calcium at montmorillonites. 

- Same type of cracks but 30 cm or more apart: 
illites. 
































‘(axgEEi cer st Se ee a ee Se eS 


ENVIRONMENTAL AND PROFILE ANALYSIS 


Observations made on natural and artificial 
slopes, trenches, holes with a predominantly clay 
mineral content; the colours of the soil and the 
clarity of surface water in the immediate vicinity 
is examined. 


EMMERSON TEST 
FOR PRELIMINARY 
MINERALOGICAL 
IDENTIFICATION 





TAKE 
FRESH 
CRUMB (3) 


Ca/Mg (4) 
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easily visible against a dark background. 
the soil. 


persion. 


SLAKES 


KAOLINITE 
CHLORITE 






(1) If the crumbs are not airdry at first immersion, the scheme is still valid, but this category 
will contain the non-saline illites and montmorillonites as well as organic soils. 

(2) Dispersion is most readily detected by the formation of fine misty halos around each crumb, 

The more pronounced the halo, the more dispersive 


(3) Take fresh crumbs and moisten, remould lightly, and immerse. 

(4) THe presence of carbonate, if not already recognized, can be readily verified by efferves- 
cence in the soil when a drop of acid is placed on it (battery acid will suffices). 

(5) Settling to a clear supernatant liquid in less than 10 minutes is to be regarded as non-dis- 


EMERSON TEST 


This test is performed on a smail Jump of unworked 
soil, about the size of a bean, taken directly 
from the soil it is planned to use. The sample is 
immersed in a translucent recipient containing 
extremely pure water = distilled water, or rain- 
water is suitable. No dispersant is added to the 
water. The behaviour of the immersed lump is 
observed after a few minutes in accordance with 
the procedure indicated in the diagram. This test 
makes a rough evaluation of the clay type 
possibile. 
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311 CHEMISTRY 





CHEMICAL ANALYSES 


Laboratories which carry out chemical analyses of 

soil provide their answer in the form of a list of 

the various chemicals present and their quantity 

expressed as a percentage. A typical list 

includes the following: 

- iron oxides; 

« Magnesium oxides; 

- Aluminium oxides; 

- Calcium oxides (*); 

- Carbonates; 

- Sulphates; 

. Soiuble and insoluble salts; a 

e Loss on burning (*); 

- Chemically bound water(*); 

(*): These items of the chemical balance are not 
interpreted. 

it may be important to learn other about items 

such as; 

e the nature of organic matter and humus; 

- PH (acidic or basic) 

« fon exchange capacity; 

- others 

The chemical analysis methods used in the labora- 

tory are widely used but are still fairly complex. 

Not all of them are suitable for use in the field. 

Simple field applications are necessary a priort. 

‘They give reasonably accurate results and indicate 

whether it is worth proceeding to a further 

chemical analysis in the laboratory, These field 

tests make it possible to determine the presence 

of soluble salts and consequently the pH of a 

soil. If it is acid, it fs because organic matter 

is present, such iron salts. If it is basic, it 

is because it contains carbonates, sulphates, 

chlorides, and similar. 


I = SOLUBLE SALTS 


The amount of these items present in a soil sample 
can be estimated fairly accurately by lessivage. 
The sample is first of all dried in an oven and 
weighed and then lessivated with hot water. 
Afterwards it is dried again and reweighed, The 
amount of saluble saits present is given by the 
difference between the two weights. 


2 = pH 


Methyl red is poured inta a recipient containing a 
mixture of soil and water which has been prepared 
by stirring and then allowing to stand. The 
liquid above the soil turns red if the soil js 
acid and yellow if basic. Indicator paper can 
also be used. 


3 - ACID SALTS 


A sample of the soil is stirred with distilled 
water in a recipient, and then allowed to stand. 
Indicator paper sensitive to acid salt is then 
used to detect their presence. 


4 = ORGANIC MATTER AND HUMUS 

The concentration of these in the sail can be 
determined from their musty odour or their colour 
which may be blackish, coffee, blue or dark grey, 
or even dark green. Tests using standard colour 
cards or simplified colouring tests can also be 
used, 

The standard test used for the detection of organ- 
ic matter consists of stirring a mixture of soil 
and sodium hydroxide solution and then comparing 
the colour with a standard solution of tannic 
acid. Although this test is somewhat limited, {ft 
has nevertheless been accepted by the ASTM and the 
BSi. A humus detection test can also be carried 
out as follows: 

- Prepare a solution of 300 to 400 ml of sodium 
hydroxide (NaQH) or potassium hydroxide (KOH) 
diluted to 3 % (9 to 12 g}. If no sodium hydr- 
oxide or potassium hydroxide is available, milk of 
lime can be prepared by sprinkling 1 kg of fat 
lime into 3 litres of water. The milk of Jime is 
collected after standing overnight by siphoning 
off. 

- Between 50 and 100 g of dried crushed soil js 
introduced into the prepared solution and mixed 
with care by shaking vigorously. 

- The mix is allowed to stand for at least 24 h, 
and 48 hours where milk of lime is used. 

- After renewed vigorous shaking and a short rest 
period, the colour of the surrounding water is 
then observed: brown or black means a high humus 
content; while a pale pink or neutral colour means 
low humus colour. 


9 = BASIC SALTS 


The mixture of soil and pure water turns violet 
when a drop (1 %) of phenolphtalein is added to it 
- 1/2 glass of soil + 2/3 water. Basic salts can 
be also be tested for with indicator paper. 


6 =- CARBONATES 


The presence of carbonates in a soil can be tested 
for by allowing a‘drop of 5 % nitric acid or 1:3 
hydrochloric acid (HC1) (1 vol HCl to 3 vol of 
distilled water) to fall on the soi] sample. Any 
effervescence betrays the presence of carbonate. 
Great care should be taken when handling these 
solutions, which can cause unpleasant burns to the 
skin. 
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CHLORIDE AND 
SULPHATE DETECTION 
TEST 


ADD 


PART 1 


ADD 2 % 


SOLUTION 
Ag NO3 





PRECIPITATE 


FLOCULATES NONE 


CHLORIDE 


CHLORIDE ° 
OR 
SULPHATE 









PREPARE 
H20/SOIL 
SOLUTION 


pH > 7 


DIVIDE 
SOLUTION 





IN TwO 


A + CG: SULFATE PRESENT, MAYBE CHLORIDE PRESENT 
A + D : CHLORIDE PRESENT, NO SULPHATE PRESENT 
8 + D : NO CHLORIDE PRESENT, NO SULFATE PRESENT 


SULPHATE CONTENT 


Prepare 10 standard solutions of distilled 
water and barium chioride (BaCl) in test 
tubes, prepared in the fallowing percentages: 
0.05, 0.1, 0.15, 0.2, 0.25, 0.3, 0.35, 0.4, 
and 0.5 %. Dissolve 10 g of soil in the 
distilled water, filter and then add a drop of 
barium chloride. The presence of the sul- 
phates. is indicated by a white precipitate. 
Compare the test with reference test tubes 
containing known quantities of sulphates and 
an equal quantity of barium chloride. 











PART 2 
ADD 
SOLUTION 
Ba Cl 
PRECIPITATE 
C tial mao 
SULPHATE 





CHLORIDE CONTENT 


Fill a graduated burette with silver nitrate 
to the zero line. Pour 100 mi of a solution 
of soil and distilled water into a graduated 
flask. Pour 3 drops of phenolphtalein/TA into 
it. If water turns pink, add oxalic acid drop 
by drop until the colour is gone. Using the 
burette add silver nitrate until a brick red 
eolour is obtained. Let A be the number of 
degrees of silver nitrate used. Refill the 
burette to the zero line and repeat the 
operation with deionized water (control test). 


Let B be the number of degrees of ngnO. used.. 


The difference between A and B is the Concene- 
tration of chloride in. the tested solution, 
expressed in degrees. This number multiplied 
by 7.1 gives the jon concentration of chloride 
expressed in mg/l. 
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GEOTECHNICAL CLASSIFICATION USCS SYSTEM 
LABORATORY PROCEDURE 














All diameters are represented, Clean gravel 
a non predominates Well graded 
—4 
~ | One grain size or one grain Clean gravel 
fraction predominates Poorly graded 
Fine elements have no cohesion Son Silty gravel 
Fine elements have cohesion | oe Clayey gravel 
All diameters are represented, Clean sand 
% | non predominates Well graded 
= 
= One grain size or one grain Clean sand 
fraction predominates Poorly graded 
Fine elements have no cohesion ea Silty sand 
Fine elements have cohesion sc Clayey sand 
clay 


Without 


elements > 0,08 mm 
GRAVELY SOILS 


More than half the 
have a diameter > 2 mm 
With fines 


GRANULAR SOILS 





greater than 0,08 mm 


Without 


SANDY SOILS 


u With fines 
A 


More than half the elements have a diameter 


More than half the 
elements > 0,08 mm 
have a diameter ¢ 2 mm 
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Organic material Son Highly plastic organic 
silt and cla 


Organic matter predominates. Can be recognized by smell, Peat and other highly 
a 4 Pt ¢ 
dark colour, fibrous texture, low moist density organic soils 





NOTES 


This classification is a simplified and modi- 
fied version, 

Elements with a diameter greater than 60 mm 
are not taken into account, 

The weight of the grain fraction can be esti- 
mated. 

The grain sizes correspond to grain size dis- 
tribution chart, 


PLASTICITY INDEX 
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GEOTECHNICAL CLASSIFICATION USCS SYSTEM 
FIELD TEST PROCEDURE 


All diameters are sapeaseateds Clean aval 
non predominates Well graded 
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; NONE TO ere a TO Low-plasticity 
To” HIGH VERY SLOW clay 


ne _silt 
-LOW TO pede OR SHORT TO Organic silt and clays 
MODERATE NONE with low plasticity 
Highl last 
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TO HIGH VERY SLOW TO SOFT silt and clay 
DRY WATER © CONSIS=- 
COHESION 
RETENTION SS 


This classification is a simplified and modi- 
fied version. 

Elements with a diameter greater than 60 mm 
are not taken into account. 

The weight of the grain fraction can be asti- 
mated, 

The grain sizes correspond to grain size dis- 
tribution chart. 








More than half the elements 
have a diameter less than 0,08 mm 
FyG+tobD 
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400 STABILIZATION 


It is possible to considerably improve the characteris- 
tics of many types of soil by adding stabilizers to them. 
Even so, every variety of soil requires an appropriate 
stabilizer. Currently more than a hundred products are 
used for stabilizing building soils and earth. These 
stabilizers can be used in the bulk of earth walls or in 
their "skin" as a surface protection. Stabilization is 
very ancient, but it was only in 1920 that a scientific 
approach could be developed. Major research was carried 
out in the three decades immediately after the Second 
World War, and work still goes on nowadays. Despite the 
research effort, soil stabilization is not an exact 
science and there is no “miracle” stabilizer which can 
applied indiscriminately. 


The best known and most practical stabilization methods 
are increasing the density of the soil by compaction, 
reinforcing the soil with fibres, or adding cement, lime, 
and bitumen. Many other products exist, which have 
either been suggested or even tried. Most of these 
products do not, however, have the benefit of an adequate 
research effort. The way in which they stabilize and 
their efficiency are not adequately known. When dealing 
with a stabilization problem, it is essentially a matter 
of chosing the best product from a wide variety of 
possibilities, many of which cannot even be considered 
either because of their ineffectiveness or because of 
their prohibitive cost. 


At present, there is a trend to systematic stabilization; 
often, sad to say, using uncontrolled methods. This is 
regrettable as it must be borne in mind that stabiliza- 


tion only helps to improve the characteristics of a soil 


or to provide it with characteristics which it may lack. 
It is particularly unfortunate that many practitioners of 
systematic stabilization, do not know, or do not appre- 
ciate the original characteristics of a soil, and start 
about stabilizing soil with undue haste when it 1s not 
particularly useful. 
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401 PRINCIPLES 





FUNDAMENTAL PROBLEM 


Building in soil implies a choice between three 
main approaches: 

- Using the soil available on the site and adapt- 
ing the project as far as possible to the quality 
of the soil; ; 

- Using another soil more suited to the require- 
ments of the project but which has to be brought 
to the site; 

- Modifying the local soil so that it is better 
suited to the requirements of the project. 

The third possibility is generally referred to as 
soil stabilization and comprises the entirety of 
techniques permitting the improvement of the 
properties of the soil. 


DEFINITION 


Stabilizing a soil implies the modification of the 


properties of a soil-water-air system in order to 
obtain lasting properties which are compatible 
with a particular application. Stabilization is 
nevertheless a complex problem, as an extremely 
large number of parameters are involved. In fact 
a knowledge of the following is necessary: 

- the properties of the soil requiring stabiliza- 
tions 

- the planned fmorovements; 

- project’ economy: costs and delays involved in 
soil stabization; 

- the soil construction techniques chosen for the 
project and the system of construction; 

= maintenance of the completed project; mainte- 
nance costs; , 

The improvement of the properties of the soil by 
stabilization will be successful if the procedure 
used is compatible with the imperatives of the 
programme: in particular the cost of and delays in 
construction, and the cost of maintenance. 


OBJECTIVES 


Action can be be directed at only two character= 
istics of the soil itself, f.e. its texture and 
structure. There are three courses of action 
which can be aimed at texture and structure: 

* Reducing the volume of interstitial voids: acts 
on porosity; 

* Filling the voids which cannot be eliminated: 
acts on permeability; 

- Improvement of the bonding between grains: acts 
on mechanical strength, 

The main objects aimed at are: 

- Achieving better mechanical characteristics: 
improving dry and wet compressive strength; 
tensile strength and shearing strength; 

~ Achieving better cohesion; 


- Reducing porosity and changes in volume: shrink 
and swell due to water; 

- Improvement of resistance to wind and rain 
erosion; reduction of surface abrasion and water- 
proofing. 


PROCEDURES 


There are three basic stabilization procedures: 

- 1 + MECHANICAL STABILIZATION: jis the compaction 
of the soil resulting in changes in its density, 
mechanical strength, compressibility, permeability 
and porosity. , 

- 2 = PHYSICAL STABILIZATION: the properties of 
the soil can be modified by acting on its texture: 
G.g. the controlled mixing of different grain 
fractions. Other techniques can involve heat 
treatment, drying or freezing, electrical treat- 
ment, electro-osmosis to improve the draining 
qualities of the soil, and giving new structural 
qualities. 

- 3 + CHEMICAL STABILIZATION other materials 
or chemicals are.added to the soil thus modifying 
its properties, either by a physico-chemical 
reaction between the grains and the materials or 
the added product, or by creating a matrix which 
binds or coats the grains. A physico-chemical 
reaction can lead to the formation of a new 
material: for example a pozzolan resulting from a 
reaction between clay and lime. 


WHEN [S STABILIZATION REQUIRED ? 


Stabilization fs not compulsory. it can be 
ignored quite satisfactorily and the soil can be 
used for construction without stabilizing. 


Nevertheless, there is clearly a tendency at pre- 
sent to the oversystematic use of stabilization, 
which is regarded as a universal panacea for al] 
probiems. This attitude is unfortunate as stabi- 
lization can invoive considerable extra costs, 
ranging from 30 to 50 % of the final cost of the 
materials. Furthermore stabil@zation complicates 
the production of the material: such as longer 
preliminary studies of the behaviour of the 
material. 


It is thus advisable to insist that stabilization 
is only used when absolutely essential and that it 
should be avoided where economic resources are 
limited. 
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If the dangers of exposure to water are taken into 
consideration, we can say: | 

- 00 NOT STABILIZE when the material is net 
exposed to water: sheltered walis, dressed walls, 
inside walls, architecture designed to accommodate 
the exigencies of soil as a building material. 

~ STABILIZE when the material {fs very 
exposed: poorly designed architecture which ig- 
nores the rules of building with earth; or reo 
quirements imposed by the sites such as a damp 
site, walls expased to driving rain, and so on. 
However, there may be other reasons for stabiliz~ 
ing the material such as: 

- the improvement of the soil's compressive 
strength; | 

- raising the material's bulk density, or even 
reducing it. 


METHODS OF STABILIZATION 


© Where the soil is not disturbed stabilization is 
usually carried out by grouting or impregnation. 
This technique is, however, rarely used for earth 
structures, and is by and large limited to public 
works, engineering structures, improvement of 
foundations, and for the preservation of historic 
monuments. 

- When the soil is reworked any of numerous 
stabilization procedures can be used and the 
literature describes various classification 
systems, These may class the method by the sort 
of stabilizer, animal or vegetable, mineral or 
synthetic, etc. or by the appearance of the 
stabilizer: powder, fibres, platy, paste, liquid, 
etc. 

Ciassification can be simplified by enumerating 
the six basic methods of stabilization: 

= paising density; 

- reinforcement; 

- linking 

~ binding 

- waterproofing 

- water repellent treatment 

The stabilizer does not necessarily act by one of 
these methods alone but may combine several of 
them. 


STABILIZATION MODES FOR DISTURBED SOILS 
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There are two different ways in which density can 
be increased: 

- 1 Either by mechanically manipulating the 
soil, so that a maximum of air can be eliminated; 
by kneading and compressing the soil. Grain size 
distribution is not affected but its structure js 
changed because the grains are redistributed. The 
sof! is not simply compressed in its original 
state, it is first ground to make it more uniform, 





If there are reasons for not acting on the grain 
size distribution of the soil and if the material 
remains overly sensitive to movements {induced by 
various causes such as compression, tension, water 
action, thermal expansion, and so on, these 
movements can be counteracted with an armature. 
This armature can made be of a wide variety of 
fibres: animal, vegetable, mineral or synthetic. 
The fibre armature has its effect at the macro- 





A three dimensional matrix can be introduced in 
the soil. Strong and inert it resists all move- 
ments of the soil. This is in essence the con- 
solidating action of cementing. !t results in the 
filling of the voids with an insoluble binder 
which coats the grains and holds them fn an inert 
matrix. The main stabilizer which acts by this 
mechanism is portiand cement. Similar results can 
be achieved with electrolytic solutions of sodium 





In this case the inert matrix introduced in the 
soil includes the clays. Two mechanisms are known 
and they give the same result. 

- 1 * An inert matrix is created by the clays: use 
is made of the negative and positive charges of 
the clay plates or their chemical composition to 
bind them together by means of a stabilizer, which 
plays the role of binder or catalyst for this 
bond. Certain chemical stabilizers act in this 





This stabilization method helps to reduce water 
erosion, swell, and shrink when the material is 
subjected to successive wetting and drying cycles. 
There are two possible waterproofing methods: 

- 1 - All the voids, pores, cracks and microcracks 
are filled with a material which is unaffected by 
water. Bitumen fs one of the best examples of a 
product which acts in this way. This stabiliza- 
tion method is particularly suitable for sandy 





Here the object of the procedure is the movement 
of water and water vapour in the soil. This can 
be achieved by either changing the nature of this 
water, or by reducing the sensitivity of the clay 
plates to water. 

Three systems are used: 

- 1 - The modification of the state of the pore 
water: by drying the soil by introducing calcium 
chloride into it. This raises surface tension, 
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and then compressed. After the grinding phase, it 
is possible - but not indispensable - to make use 
of dispersants or waxes which may facilitate 
compaction. 

- 2 - Or by filling the voids as far possible with 
other grains. If this second method is to he 
used, grain size distribution must be perfect: the 
void left between each group of grains is filled 
by another group of grains. This method acts 


scopic level, that is to say at the level of grain 
aggregations rather than at the level ef the 
individual grains. 





silicate salts or with certain resins and adhe- 
sives. Viewed as 4 chemical reaction, the essen 
tial characteristic of this stablization mechanism 
4s that the formation of the inert matrix is 
relatively independent of the clay. in fact, the 
main consolidating reactions take place in the 
stabilizer itself and between the stabilizer and 
the sandy fraction of the soil. Even so secondary 
reaction between the stabilizer and the clayey 


directly on grain size distribution, 


A TL 


fraction may be observed. The quantity and 
quality of the clay has an effect on the effic 
ciency of the stabilization procedure and may 
alter the mechanical behaviour of the material. 


way, including certain acids, polymers, floccu- 
lants, etc. 

- 2 = An inert matrix is formed by the clay. A 
stabilizer reacts with the clay and precipitates a 
new inert and insoluble material, which is a sort 
of cement. This is the pozzolan reaction and is 
obtained primarily with lime. The reaction pro- 
ceeds slowly and depends essentially on the quan- 
tity and quality of the clay. 


soils with a good stability for their volume and 
which are not much affected by the movement of 
water. it is equally suitable for silty and 
clayey soils which need larger amounts of stabi- 
lizer because of their greater specific surface. 

- 2 - A material is dispersed in the sofl which 
expands upon the slightest contact with water and 
prevents the infiltration of pores. A _ typical 
material of this type is bentonite. 


a 


reduces the vapour pressure of the water and the 
evaporation rate and also reduces variation in 
moisture content. 

- 2 = ton exchange: ions are replaced by others 
until the fons are very well fixed to the clay 
plates and the water can no longer dilute them. 
Certain acids can give rise to this phenomenon. 

- 3 - Molecules are fixed on one of the extremi- 
ties of the clay plates on the outside of compact 


aggregates. The other ends of these molecules are 
water repellent. Certain quaternary amines and 
resins work in this way. 
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There is a direct relationship between dry density 
and compressive strength for all earth materials, 
The more compact the material is the higher the 
value becomes. In the breaking process, the 
strain always takes the path of least energy, 
which is usually marked by the largest pores. It 
is thus best for the pores in the material to be 
very small and extremely well distributed. 
Naturally compact soils which can be cut as blocks 
are rare. More usually the available soil must be 
worked. The care taken in the working process, 
which influences pore distribution and their size, 
has a direct effect on the behaviour of the 
material. 


METHODS OF COMPACTION 


There are 4 fundamental methods: 

- Static compaction; 

- Dynamic compaction by vibration; 

- Dynamic compaction by impact; 

= Compaction by kneading. 

There is an Optimum Moisture Content (OMC) for 
each of these methods and there is a corresponding 
optimum dry density. 

Each method of compaction has its advantages and 
drawbacks. Kneading for example favours good pore 
distribution and uniform size in the final pro- 
duct, which helps to reduce permeability. However 
shearing strength is lower when the compacted 
materjal {is on the moist side, than when other 
means of compaction are used. The grain size 
distribution of the soil also plays a great part 
in determing this strength. 


COMPACTION PARAMETERS 


- 1 - COMPACTION ENERGY: whatever the type of sail 
and method of compaction, greater compaction 
energy reduces the OMC and increase dry density. 
But higher compaction energies can have harmful 
consequences such as the layering of blocks. 


- 2 ~ GRAIN SIZE DISTRIBUTION: close grading 
does not yield high compaction rates. in con- 
trast, wide grading gives compaction curves with 
marked maxima, 
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EFFECTS OF COMPACTION 
Two main types of clay structure are observed 
depending on the magnitude of the forces of 
repulsion or attraction: 

- 1 = DISPERSED STRUCTURE: the plates of clay are 
distant from one another because the repelling 
ferces predominate. They have the tendency to be 
parallel. The dispersed state corresponds to high 
moisture contents, to the right of the optimum 
value on the compaction curve. 

- 2 = FLOCCULATE STRUCTURE: the plates of clay 
approach one another and form sharp angles to 
another because, the attractive force predominate. 
The flocculate state corresponds to low moisture 
contents, to the left of the optimum value on the 
compaction curve. 

Thus, optimum compaction is the state at which the 
attracting forces are adequate to aliow proper 
compaction while the repelling forces facilitate 
the orderly arrangement of the grains. Compaction 
carried out in good conditions allows reductions 
in permeability and compressibility to be achieved 
as well as limiting water absorption and swell in 
moist conditions. it also improves the initia] 
and long-term mechanical strength of the material. 


1 - COMPRESSIBILITY 


As long as the stress exerted does not exceed a 


certain value, a material with a flocculate 


structure is less compressible than the same 
material with a dispersed structure. The two 
materials tend to move towards the same state and 
the same compactibility, if the compaction energy 
becomes enough to bring about the rearrangement of 
the grains. 


2 - ABSORPTION OF WATER AND SWELL IN 
MOIST CONDITIONS 


These are more significant for material compacted 
in the flocculate state and less for the dispersed 
state. 


3 - EXCESSIVE COMPACTION 


% 
When a soil is close to saturation the incompres- 


sibility of water renders any effort to increase 
compaction illusory, as this has no effect on the 
arrangement of the grains. 


Compaction has a great effect on the success or 
failure of a1] stabilization methods. However, it 
should not be forgotten that improvements obtained 
by compaction are virtually suppressed in moist 
environments. 

PS Vere | 
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404 DENSIFICATION BY GRADING 


DESIRED GRAIN SIZE DISTRIBUTION 


In order to obtain the greatest mechanical 

Strength and resistance to water action the 

following must be done: 

= reduce the voids ratio; 

- increase contacts between grains. 

For spherical grains it is possible to calculate 

the relative proportion of each grain fraction of 

a different diameter, when arranged fn the densest 

possible environment. The Fuller formula is used: 
p = 100 (d/D)”. 

where 

p = the proportion of grains of a given diameter 

d= the diameter of grains for a given value of 9p 

D = the largest grain diameter 

n= the grading coefficient 


When the grains are entirely spherical n = 0.5. 
In soil, however, while sand and gravel may 
perhaps have a shape which approximates the 
spherical, clays tend to elongate. Furthermore in 
road engineering, where sandy soil is often used, 
the lack of sphericity is corrected by using ann 
of 0.33. In earth construction an n of 0.20 to 
‘0.25. is assumed. 


CORRECTION OF GRAIN SIZE DISTRIBUTION 


It is possible to correct an excessively large or 
smali content of gravel, sand, or fines either by 
adding the missing fractions or by reducing the 
excessive fractions. 


1 = EXCESSIVE GRAVEL CONTENT 


To correct an excessively high gravel content, it 
is enough to remove the coarsest elements by 
sieving. The removal by hand of the largest 
stones may perhaps be necessary. 


2 = EXCESSIVE FINES CONTENT 


Soils of this sort can be improved by washing fine 


‘material out. Nevertheless this technique is very 


difficult to control as there is a danger of 
removing all fines. A better approach jis to wash 
@ certain quantity of the soil first, allow it to 
dry, and then mix it with the original sofl. This 
{s, however, a delicate procedure. Furthermore, 
it is usually better to mix the original soil with 
a soil containing more coarse grains, and which 
contains neither fines nor grains with a size 
greater than that permitted. 
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3 = DISCONTINUOUSLY GRADED SOIL 


Discontinuously graded soil can be quickly recog- 
nized from its typical grain size curve. There 
are in fact two characteristic curves. 

- The curve may be flat fer a particular grain 
fraction, which means that this fraction is 
missing in the analyzed soil. it is then advis- 
able to add the elements of this missing fraction 
in the correct proportions. 

- The curve rises very abruptly for a particular 
grain fraction. In this case this fraction is too 
abundant in the soil analyzed. {t is then advise 
able to remove a part of this fraction by screen- 
ing or by balancing the excess by adding to the 
other fractions. This procedure should never be 
carried out unless there is no other alternative 
for obtaining the desired quality of material. 


4 = VERY SANDY OR VERY CLAYEY SOIL 


If the available soils are very different and 
markediy sandy or clayey, it will be necessary toa 
mix them. The procedure is to draw the curves for 
the sandy and clayey soils and the desired optimal 
curve all on the grain size distribution curve. 
The lowest point on the sandy soil curve and the 
highest point on the clayey soil curve are joined 
by a straight line. The ordinate of the point of 
intersection of this line and the optimal curve 
gives an indication of what proportion of fine 
soil is to be mixed with the coarse soil in order 
to obtain a texture which appreaches that of the 
optimal curve. 
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TENSILE STRENGTH IS MAXIMUM 
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Stabilization by means of fibre reinforcement, 
very often straw, is widely used throughout the 
world. Straw should in fact be regarded as a 
structural reinforcement agent, similar to gravel. 
Nowadays, even in the most modern and industrial 
settings, such as in adobe production in the US, 
straw combined with bitumen is often added to the 
soil. This method of stabilization is interesting 
because ft can be adapted to various methods of 
execution, with soil used in the liquid or plastic 
state, or even with compaction techniques. Fibres 
are mainly employed for making kneaded biocks with 
largely clayey soils and which usually suffer a 
considerable measure of shrink. Craft production 
of straw-stabilized adobe brick varies greatly, 
and quite apart from this straw is also used for 
daub, clay-straw, cob, as well as compressed 
blocks and rammed earth. 


ROLE OF FIBRE 


- Fibres hinder cracking upon drying by distri- 
buting the tension arising from the shrinkage of 
the clay throughout the bulk of the material. 

- Fibres accelerate drying because they improve 
the drainage of moisture towards the outer surface 
through the channels afforded by the fibres. On 
the other hand fibres increase absorption in the 
presence of water, 

- Fibres lighten the material. The volume of 
straw is often very large, reducing the bulk 
density and improving its insulating properties. 

~ Fibres increase tensile strength. This is un- 
doubtedly the most interesting property of fibres. 


MECHANISMS 


Earth materials reinforced with fibres can stand 
up very well to cracking and resist crack propaga- 
tion. Considered at the level of a potential 
crack, the fibre opposes the formation of’ crack in 
step with the increase in the stress. The degree 
of shear strength depends largely on the tensile 
strength of the fibres. Apart from this, good 
compressive strength gan also be achieved with 
fibre reinforcement, which depends beth on the 
quantity of fibre used and on the initial compres- 
sive strenght of the soil, the initial tensiie 
strength of the fibres and the internal friction 
between the fibres and the soil. Some research 
seems to suggest that preliminary rotting of the 
straw in the soil for a period of several weeks 
produces lactic acid which has a secondary effect 
on the efficiency of the stabilizing action. 
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RESULTS 


With respect to dry compressive strength, the 
addition of fibres such as straw permits an 
increase in strength of at least 15 % in relation 
to the material without fibres. In very excep- 
tional cases, the fibres will make hardly any 
difference at all ta the compressive strength, as 
for example is the case with very sandy material. 
Fibre-stabilized blocks can withstand high stress- 
es as they absorb a fairly high amount of applied 
energy. This makes their use particularly attracm 
tive in earthquake regions. The addition of 
fibres .makes a fundamental difference to the 
behaviour of the bricks beyond the failure point. 
Where non-reinforced materials erack into bits, 
reinforced blocks stay in one piece and will 
continue to increase in compressive strength 
beyond the failure point of non-reinforced blocks. 


PRACTICAL ASPECTS 


The strength of reinforced biocks depends on the 
quantity of the fibres added but there is an op- 
timal quantity which should not be exceeded. This 
is because an overly large quantity reduces 
density too much, while the number of contact 
points between the fibre and soil, which are 
responsible for transmitting stress, becomes too 
low and the strength of the block is reduced. The 
minimum proportion for satisfactory results starts 
at 4 % by volume. Quantities of between 20 and 30 
kg per m* are very common. The straw should by 
preference be chopped into stalks of between 4 and 
6 cm long. The best results are obtained when the 
stalks are scattered in all direction in the soil. 
Excessively long stalks, in parallel, do not yield 
good results. Nor are good results obtained when 
fibres are concentrated in specific spots, or in 
nests which may happen when. too much fibre is 
used. 


Fibres can also be used in together with other 
stabilizers such as.cement, lime, and bitumen. If 
straw is used with bitumen, the bitumen must be 
first added to the soil and thoroughly mixed 
before then adding the straw. If the operations 
are carried out in a difference sequence there is 
a danger that the straw and the bitumen will 
conglomerate independently of the soil. 


The fibres contained in the soil will be preserved 
without deterioration on condition that the 
material is kept dry. If the material remains in 
a moist environment for too long, there is a 
danger that the fibres will rot. On the other 
hand an alternating wetting and drying cycle will 
not encourage rotting as long a proper drying is 
certain, Analysis of very ancient material (e.g. 
adobe from the Egypyt of the Pharaohs) has clearly 
demonstrated this, Fibres may also be attacked by 
rodents and harmful insects, such as termites, 
particularly when wet. 


RESEARCH 


Very few organizations have made serious studies 
of fibre-stabilized soil. Some research has been 
carried out by the University of Tehran (Iran), 
the CSTB (France) and the {FE University in 
Nigeria. 


SORTS OF FIBRES 


@- 1 - PLANT FIBRES: straw of all kinds: barley, 
rye, hard and soft wheat, winter barley, lavender. 
Chaff of cereal crops: wheat, rice, barley, etc. 
Light filler such as sawdust and shavings. Other 
suitable vegetable fibres include hay, hemp, 
millet, cane trash, coir fibres, sisal, maniila, 
elephant grass, and fibres of the bamboo palm, and 
hibiscus, as well as the left-overs after scutch- 
ing hemp and flax. 


- 2 - ANIMAL FIBRES: fur and hair from livestock, 


@ 3 - SYNTHETIC FIBRES: colophane, steel, and 
glass wool/fibres. 
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406 CEMENT : PRINCIPLES 


HISTORICAL BACKGROUND 


The first attempts at using cement as a stabilizer 
were made for road-building purposes in the USA in 
1915. J.H. Amies applied for two patents for 
techniques using cement in 1917 and 1920. Cement 
stabilization was developed independently in 
Germany in the 1920's, In the USA cement 
stabilization has been used increasingly both for 
road and runway construction after about 1935. 
Applications of cement-stabilized material have 
multiplied enormously since then and it is used 
worldwide as much for public works as for con- 
struction, Nowadays knowledge of the technique 
and materiai is very complete. 
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STABILIZATION MECHANISMS 


Hydrated cement reacts in two different ways in 
soil: 

- it may react with itself or with the sandy 
skeleton. This results respectively in the for- 


mation of a pure hydrated cement mortar, or the ~ 
formation of a conventional mortar. 


- it may undergo three-phase reaction with the 
clay: 

- 1 = Hydration sets off the formation of cement 
gels on the surface of the clay aggregations. The 
Time which comes free during the hydration of the 
cement tends to react with the clay. The lime is 
quickly used up and the clay starts to degenerate; 
- 2 ~ Hydration proceeds and encourages the disag- 
gregation of the clay aggregates. The latter are 
deeply penetrated by the cement gels; 

- 3 = The cement gels and the clay aggregates 
becomely intimately entwined. Hydration goes on 
but more slowly. 

in fact 3 mixed structures are obtained: 

° An inert sandy matrix bound with cement: 

- A matrix of stabilized clay; 

- A matrix of unstablized soil. 

Stabilization does not affect all the aggregate. 
A stabilized matrix covers the composite aggre- 
gations of sand and clay. 


EFFECTIVENESS AND PROPORTIONS 


The greatest effect is obtained by compression in 
the moist state. In the plastic state 50 % more 
cement is required to achieve the same effect. 
The greatest compressive strength is obtained with 
gravels and sands rather than with silts or clay. 
For soil, the required quantities of cement depend 
on its grain size distribution and structure, and 
the way that it is used. Good results can be ob- 
tained with between 6 and 12 %. Some soils re- 
quire only 3 % while the same proportion fn others 
behave Jess well than if no cement at all had been 
used. Generally speaking at least 6 % of cement 
is required jn order to obtain satisfactory 
results. The compressive strength remains highly 
dependent on the quantity of cement used. In 
comparable local conditions and for the same wail 
thickness (15 cm), a stabilized earth brick will 
net necessarily be more economical than a concrete 
block. A preliminary study of the comparative 
costs is recommended. 




















PARAMETERS OF EFFECTIVENESS 


° SOIL: nearly al? soils can be cement stabilized. 
The best results are obtained with sandy soils. 


° ORGANIC MATTER: This is generally recognized as 
being harmful, particularly if they contain nue 
cleic acid, tartaric acid, or glucose. Their 
effect is to slow the setting of the cement, and 
lower its strength. As a general rule an organic 
matter content greater than 1% represents a 
hazard, and soil containing more than 2 % must not 
be used. 


¢ SULPHATES: These have very harmful side ef- 
fects, calcium sulphate (anhydrite and gypsum) in 
particular, and are often encountered. They 
result in the destruction of the hardened cement 
from the inside of the cement-soil; an increase in 
the sensitivity of the clay to moisture. For 
soiis with a sulphate content of more than 2 to 
3 % a special study is indispensable. 


- OXIDES AND METALLIC HYDROXIDES: Sasically these 
are jcon and aluminium oxides. They rarely exceed 
5 % of the soil, and thus have little effect. 


« WATER: Im principle water containing organic 
matter and‘ salts will not be used as these may 
result in efflorescence. Water with a high 
sulphate content may also have harmful effects. 


EFFECTS 


= DRY DENSITY: This is less for soils which 
compact well. it increases for soils which 
compact less well. 


~- ORY AND WET COMPRESSIVE STRENCTH: the influence 
of the cement on this parameter is a function of 
the dry density, and the voids ratio: e = 

(vS - vd)/vd, of Pl, LL and of M (proportion of 
elements with a diameter ( 0.4 mm fn %) according 
to studies by the EIER at Ougadougou (Bourkima 
Fasso). 


° TENSILE STRENGTH: This varies from 1/5 to 1/10 
of the compressive strength. 


~ OIMENSIONAL STABILITY: Cement stabilization 
reduces the magnitude of dry shrinkage and swel} 
when wet. . 


- EROSION: improvement of the soils resistance to 
rain erosion particularly when the soil contains 
large grains. 
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PULVERIZATION ENHANCES QUALITY AND 
LOWERS THE NEED FOR STABILIZATION 


SOIL AGGREGETIONS 
WITH g9 > 5 mm: 
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CEMENTS 


Ordinary Portland cement or cements of the same 
class are very suitable. There js no point in 
using high-strength cements, as these produce no 
particular improvement and are moreover very 
expensive. More high-strength cements spoil very 


easily; making them unsuitable for use on work 


Sites far from the factory. Preference should 
therefore go to Portland cements of the classes 
250 or 350. Cements containing other materials 
such as siags, fly ash and pozzolans can also be 
used, although these cements will only be avail- 
able close to steel plants and power stations, and 
similar localities. In contrast cements with high 
contents of other materials should not be used 
because of their sensitivity when curing. These 
include iron Portland cement, blast-furnace 
cement, mixed metallurgical cements and slag 
clinker cements. 


ADDITIVES 


Certain products, added in small quantities to the 
soil cement during mixing may improve the charac- 
teristics of the finished product. 


= 1 + Some organic products (amine acetate, mela-~ 
mine, aniline) and certain inorganic products 
(ferrous chloride) reduce the sensitivity of some 
soils to water. 


- 2 - Lime (2 %) can reduce the harmful effects of 
organic matter, as does calcium chloride (0.3 to 
2%), which also speeds setting. The lime also 
serves to modify the plasticity of the soil and to 
limit the formation of nodules. 


- 3 - Soda-based additives increase the reactivity 
of the soil and can induce cementation reactions 
supplementary to that of the cement with the soil 
particles, NaQH (sodium hydroxide) can be added 
in a proportion of 20 to 40 g per litre of the 
mixing water, while between 0.5 and 1.1 % of NaSO 
can be added, or 1 % of Na_CO_.; or 1 % Na Si0.. 

2 3 y ae 
~ 4 © Between 2 and 4 % of bitumen added as emul- 
sion or cut-back makes the soil-cement waterproof. 
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IMPLEMENTATION 
1 = CRUSHING 


Good cement stabilization demands thorough mixing 
of the components. The fine elements must not be 
allawed to form nodules with a size of more than 
10 mm. The presence of 50 % nodules } S mm can 
cut compressive strength by half. 


2 = MIXING 


Good distribution of the cement and the uniformity 
of the material is provided by mixing. It is 
important to have a dry soil if the best mixing 
conditions are to be attained. In wet climates 
this may make preliminary drying of the soil 
necessary. Grinding may accelerate drying and 
help to break up lumps. The water required for 
the mix should only be added. at very end of the 
mixing process, after the very necessary dry 
mixing phase. 


3 = MOULDING 


The material should be compacted immediately after 
mixing, before the cement starts to set, and with 
a controlled moisture content which will be close 
to the OMC. A 4& % difference fn water content, 
either more or less, can make a _ significant 
difference to the quality of the material. As a 
general rule, soil with a high clay content ought 
to be compacted slightly moister than the OMC, 
while sandy soils should be compacted slightly 
drier than the OMC, 


ORYING 


The strength of a soil cement increases with age. 
A minimum curing period of 14 days is absolutely 
essential, although 28 days jis better. During 
this period the material should be kept in a moist 
environment, sheltered from the sun and protected 
from the wind, in order to prevent excessively 
rapid surface drying, which may cause shrink 
cracking. The materials will be allowed to dry 
when compacted, and moistened by spraying or 
covered with a plastic sheet, which allows tem- 
peratures to rise and giving an RH close to 100 %. 
The longer this moist-drying cure is allowed to go 
on the greater will be the strength of the mater- 
jal. 
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OPTIMUM MIXING TIME 
ENHANCES THE QUALITY OF 
THE STABILIZED PRODUCT 
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408 LIME : PRINCIPLES 
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HISTORICAL BACKGROUND 


It appears that the systematic use of lime for 
Stabilizing soils is fairly recent, and was 
pioneered in the twenties in the USA. Since then 
millions of m* of roads have been constructed in 
lime-stabilized soil and immense experience has 
been gained with them. The construction of the 
Dallas - Fort Worth airport, covering some 70 km, 
in 1974 is one of the most spectacular applica- 
tions of this technique. Indeed more than 300,000 
tonnes of lime were used for the stabilization 
works. Lime has also, and still is, used for 
constructing buildings and there is an increasing 
interest in lime stabilization in this field. 


MECHANISMS 


The theory of lime stabilization suggests 5 basic 
mechani sms. 


- 1 - WATER ABSORPTION: Quicklime undergoes a 
hydration reaction in the presence of water or in 
moist soil. This reaction {fs strongly exothermic 
with the release of about 300 kcal for every kg of 
quicklime. 
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- 2 = CATION EXCHANCE: When lime is added to a 
moistened soil the latter is flooded with calcium 
ion. Cation exchange then takes place, with 
calcium ions being replaced by exchangeable 
cations in the soil compounds, such as magnesium, 
sodium, potassium, and hydrogen. The volume of 
this exchange depends on the quantity of exchan- 
geahle cations present in the overall! cation ex- 
change capacity of the soil. 


~ 3 - FLOCCULATION AND AGGREGATION: As a result 
of the cationic exchange and the increase in the 
quantity of electrolytes in the pore water, the 
soil grains flocculate and tend to accrete. The 
size of the accretions in the fine fraction 
increases. Both grain size distribution and 
structure are altered. 


- & ~ CARBONATION: The lime added to the soil 
reacts with carbon dioxide from the air to form 
weak carbonated cements. This reaction uses part 
of the lime available for pozzolanic reactions. 


- 5 = POZZOLANIC REACTION: This is by far the 
most important reaction involved in lime stabi- 
lization. The strength of the material resuits 
largely from the dissolution of clay minerals {fn 
an alkaline environment produced by the lime and 
the recombination of the silica and alumina fn the 
clays with the caleium to form complex aluminium 
and calcium silicates and thus cementing the 
grains together, The lime must be added to the 
soil in sufficient quantities in order te proceed 
and maintain a high pH, which is necessary for the 
dissolution of the clay minerals for long enough 
to allow an effective stabilization reaction. — 


EFFECTIVENESS AND PROPORTIONS 


When 1% of quicklime is added to the soil the 
exothermic hydration reaction dries the soil, 
removing between 0.5 and 1% of water. The 
addition of 2 to 3% of quicklime immediately 
provokes a reduction of the plasticity of the soil 
and the breaking of lumps. This reaction is 
called the fixing point of the lime. For ordinary 
stabilization work between 6 and 12 % {is used, 
similar to the amounts required for cement stabi- 
lization, the difference being that with lime 
there is an optimum quantity for each soil. 
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sophisticated industrial procedures make use of 
high pressures and steam treatment in an autoclave 
with the proportion of lime rising to as much as 
20 %. The products obtains are similar to those 
obtained in the silicaclime industry. Lime sta- 
bilization is particularly well suited to pressure 
moulding procedures. 


PARAMETERS OF EFFECTIVENESS 


= SOIL: The soil must contain a significant clay 
fraction. Results vary depending on the nature of 
the clay minerals and are best with those with 
high contents of alumina silicates, silicas, and 
ferrous hydroxides. Natural pozzelans react 
quickly and well with lime. 


* ORGANIC MATTER: These can block jonic exchange 
in clayey sofis without for that matter blocking 
the pozzolanic reaction. Soils containing up to 
20 % organic matter can b& stabilized with lime, 
but care is essential. 


= SULPHATES: When dry, calcium sulphates are less 
dangerous than magnesium sulphates. When moist, 
all sulphates are harmful. 


EFFECTS — 


- DRY DENSITY: For a given compression, lime 
reduces the v6 max. and raises the OMC of because 
of the flocculation. 


~ COMPRESSIVE STRENGTH: The optimum proportion of 
lime should be determined by preliminary tests. 
Te tends to increase with the age of the product. 
Values of Te of between 20 and 50 daN/em2 can 
easily be obtained and when industrial procedures 
are employed values of between 200 and 400 daN/cm? 
can be expected. 


* TENSILE STRENGTH: This is highly influenced by 
the quantity and quality of clays contained in the 
soil, which reacts with the lime. 


= DIMENSIONAL STABILITY: Just one to two percent 
of lime can reduce shrink of 8 to 10 % to 1 % and 
eliminate swell. 
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409 LIME : PRACTICE 





LIMES 
1 = NON-HYDRAULIC LIMES 


These are produced by burning very pure limestone 
and represent the main source of lime for use in 
stabilization. 


~ QUICKLIME (CaQ): Quicklime is produced directly 
by burning the stone in kilns. The delicate con- 
ditions of storage and maintenance can limit its 


use. Quicklime is extremely hygroscopic (i.e. it 


attracts water) and must be protected from mois- 
ture. It is a caustic material and must be 
handled with great care. It becomes very hot in 
the hydration stage (up toe 150° €C). Weight for 
weight it is more effective than slaked lime, 
because {it can supply greater -quantities of 
calcium fon. In moist soils jit can absorb the 
water required for its hydration. 


= SLAKED LIME (CaQH).: Slaked lime is obtained by 
hydrating quicklime. Widely used for stabi- 
lization, it does not have the drawbacks of quicke- 
lime. Fat staked limes do not have to be very 
finely crushed to be effective. Industrial qua- 
lities contain between 90 and 99 % of "active 
lime” while craft-produced lime may only contain 
between 70 and -75 %, with the rest being unburnt 
or excessively burnt materials. The proportions 
used for stabilization must be adapted in conse- 
quence, 
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2 = HYDRAULIC LIMES 


These are similar to the cements. Their use 
should not be considered unless other qualities of 
lime are not availabie. Natural hydraulic (XHN) 
limes are more effective stabilizers than artifi- 
cial hydraulic Times. 


3 = AGRICULTURAL LIMES 


These are used to improve agricultural soils and 
usually have no stabilizing effect at all. 


ADDITIVES 


Some additives mixed with limes {in small quan- 
tities can have special effects. 
1 = To increase the reactivity of the soil. 
. Caustic soda: NaOH 
- Sodium sulphate: SO Na 
. Metasilicate of sodiuns Si0,Na,(9H,9) 
« Carbonate sodium: CO_Na 
- Sodium aluminate: Aid Ng. 
The quantity used varies from 1/4 to 2 mol.g per 
litre of the water used for compaction. 
2 - To increase compressive strength: 
- Portland cement in quantities of up to 100% of 
the lime. 
3 > To increase the effectiveness of stabilization 
for sandy silt soils and reduce the swell due to 
the slaked lime: 
» Magnesium sulphate (SO Mg) added at a rate of 
about 1/4 of the weight of the lime. 
4 = To make the soil waterproof: 
- Potassium sulphate (SO K_) 
4 2 
. Bitumen products 
. Other water repellents. 


IMPLEMENTATION 
1 = CRUSHING 


This operation {is important and must be carried 
out with the greatest care. The finer the clay js 
crushed, the more active the lime will be in at= 


tacking the clay. The operation may be difficult: 


because clay {is highly cohesive. Very moist soil 
can be dried and broken with quicklime. Stabili- 
zation will be effective if at least 50 % of the 
aggregated clay are crushed to a diameter of less 
than 5 mm. 
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2 = MIXING 


The mixing must be very carefully carried out in 
order to ensure the intimate mingling of the soi] 
and the lime. For very plastic soil, the process 
should be carried out in 2 stages, with about 1 to 
2 days between them, This gives the lime a chance 
to loosen the Tumps. This 2 stage precedure may 
nevertheless reduce the effect of the time on 
Strength. The homogeneity of the mix can be 
checked by observing the uniformity of its colour. 
No trail of lime not incorporated in the sail 
should be visible. 


3 = HOLD-BACK TIME 


lf the moist method is used, it is advantageous to 
allow the mixture to rest after mixing. A wait of 
at least 2 hours should be allowed for quantities 
of lime above the fixing point; although a period 
of 8 to 16 hours is preferable. The effect on dry 
density is negligble but greater strengths can be 
achieved. 

If the plastic approach is used, everything is to 
be gained by allowing the mixture of soil and 
quicklime or slaked lime to rest for several 
weeks. This is particularly the case for render= 
ings which become greasier and more adhesive, 


4 = COMPRESSION 


Dry density is very sensitive to the degree of 
compaction, especially for high proportions of 
lime. The moisture content will be close to the 
optimum, on the moist side, and an adequate hold-- 
back time have been allowed (longer for higher 
quantities). The exothermic reaction set off by 
the quicklime consumes close to 1 % of the 
moisture content per % of quicklime added. The 
moisture content will thus be corrected as the OMC 
is approached during the second mixing stage. 


9 = DRYING CURE 


An increase in compressive strength can be obtain- 
ed if the curing period is extended. This pheno- 
menon lasts several weeks and persists for months, 
and is even better fn a warm and humid environ= 
ment. Lime=-stabilized products can be very advan- 
tageously exposed to high temperatures (+ 60°). 
Curing in the sun under a sheet of plastic or ina 
tunnel built in corrugated fron makes it possible 
to achieve such high temperature and relative 
humidities. Research carried at the University of 
Denmark has shown that very good products can be 
obtained by drying for 24 h in an autoclave at 
60-97°C with an RH of 100%, 
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410 BITUMEN : PRINCIPLES 


BITUMEN & ASPHALT: TERMINOLOGY 


Bitumen is often associated with the hydrocarbon 
pavement of roads. However, it should not be used 
confused with asphalt, tars, and so on. 


The Sanskrit word for bitumen is "“jatu krit", 
meaning “generator of pitch't, by analogy with the 
resins of certain conifers. In Latin the equi- 
valent term is “pix-tumens" meaning “exuding 
pitch", i.¢. exuded from the earth's crust. Later 
on "bitumen" was adopted by most West European 
languages. Originally the word bitumen was used 
for a naturatly occuring material made up of a 
"mixture of hydrocarbons of high molecular weight, 
soluble in carbon disulphide and which may contain 
minerals in varying quantities”. [in contrast the 
term “asphalt” comes from the Greek adjective 
“asphaies" meaning durable and is used to desig- 
nate “a sedimentary calcareous rock, impregnated 
with 8 to 10 % natural hydrocarbon", 


Nowadays bitumen is used to refer to a product 
consisting of at least 40 % of heavy hydrocarbons 
and filler, The term asphalt refers to product 
‘containing less than 20 % hydrocarbons, the rest 
being filler, sands or gravei. A word of warning 
should be given about the American use of the word 
"asphalt" and is used to refer what Europeans call 
“bitumen”, while to an American "bitumen" means 
any black binder and is applied equally to bitumen 
resulting from petroleum distillation and to coal 
tar. Sometime soils which are naturally impreg- 
nated with bitumen can be found: this being the 
case for the bitumen sands of Nigeria. 

If it is to be used, the bitumen must be: 

. either heated; 

- or mixed with solvents, resulting in "cut-back"'; 
- or dispersed in water as an emulsion. 

It is the two latter techniques which are used for 
stabilization. 


HISTORICAL BACKGROUND 


The use of bitumen as a stabilizer is very an- 
cient. The Greek historian Herodutus describes 
how it was used in Bablyon in the Sth Century 8C 
for making mortar to Tay unbaked moulded bricks. 
Even so the use of bitumen throughout the course 
of history has been limited. indeed bitumen as 
such was first produced on an industrial scale 
only few decades ago, in the 1940's in the USA, 





Stabilized bricks have been sold under the name of 
Bitudobe or <Asphadobe. Civil engineers have 
learned to use the technique in road construction. 
In Aigeria, for example, close to 28 000 km of 
road has been constructed using this technique. 
Nowadays, in the USA, bitumen stabilized adobe is 
widely used both in Central and South America. 
Recent attempts to transfer the technique to 
Africa have not met with success, even jin oil 
producing nations. Bitumen, which only a few 
years ago was regarded as a miracle product 
capable of finally solving al1 stabilization 
problems, is being used less and less because of 
the cost of of1 products. 


MECHANISMS 


Cut-back.and bituminous emulsions come in the form 
of microscopic droplets in suspension in a solvent 
or in water. The stabilizer is mixed in the soil, 
and when the water or solvent evaporates. the 
droplets of bitumen spread out to form very thin 
strong films which adhere and cover the soil. 
Bitumen improves the water-resiting properties of 
the soil (less absorption by clays) and can 
improve the cohesion of soils with non-cohesive 
soils, by acting as binder. ° 


EFFECTIVENESS AND PROPORTIONS 


In order to obtain uniform distribution of the 
bitumen throughout the soil, it is better to use a 
technique making use of large quantities of water. 
The adobe technique is thus the most suitable. 
Normally 2 to 3 % bitumen is added, but this can 
rise to 8 %. Proportions vary in accordance with 
the grain size distribution of the soil because 
bitumen stabilization involves the coating of the 
specific surface of the grains. The values given 
here are for the bitumen prior to being diluted in 
a watery suspension or by a solvent. The bitumen 
has only a very slight effect on the colour of the 
material and has no typical odour once the stabi- 
lized products have dried. 
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PARAMETERS OF EFFECTIVENESS 


- SOIL: Situmen stabilization is at its most 
effective with sandy or siity soils. It is not 
suitable for fine soils in dry regions, where the 
pH and salt content of the soil may be high. 


© QRCANIC MATTER AND SULPHATES: Their presence in 
the soii hinders the efficiency of bitumen stabi- 
lization as their adhesion to the grains prevents 
the adhesion of bitumen. Acid organic matter 
(e.g. forest soils) are very harmful. The neutral 
and basic organic matter found in arid and semi- 
arid regions are not particularly harmful. 


© SALTS: Mineral salts are very harmful. They 
can be neutralized by adding 1 % of cement. When 
bitumen stabilization {s carried out on an indus- 
trial seale salt contents of more than 0.2 % are 
not accepted, but sometimes up 6 % of sodium 
ehloride (NaCl) can be accepted. 


EFFECTS 


= DRY DENSITY: Bitumen brings about a drop in 
density and increases the OMC (water plus bitu- 
men), 


° COMPRESSIVE STRENGTH: In the dry state this 
increases with the proportion of bitumen to a 
certain threshald value after which it falls 
sharply, once the ideal level of coating has been 
achieved. In the moist state, strength rises 
steadily with the quantity of bitumen, indepen- 
dently of dry strength. 


- ABSORPTION: Absorption is a function of the 
moisture content during mixing and falls to very 
Tow levels after a certain threshold value. It is 
advisable to determine this value. After drying 
for several days, water absorption is stable jn 
time. 


- SWELL: This is a function of the liquids con- 
tent during mixing. The greater the degree of 
mixing in the liquid state, the less swefl there 
will be, 
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411 BITUMEN : PRACTICE 


BITUMENS 


When bitumen is used for stabilization it is 
generally in the form of cut-back or emulsion. 
Beth forms break down on drying, and this break- 
dewn can be siow or fast. Rapid break-down is 
suitable for temperate climates and  siow 
break-down is better for hot climates. 


1 = CUT-BACKS 


These are bitumens to which a volatile salvent has 
been added making them less viscous. Solvents can 
be gas-oil, kerosene, and naphta. Some of them 
dry slowly, some moderately quickly, while others 
dry rapidly. They cannot be used in the rain and 
are flammable. Their viscosity is indicated by an 
index number: 0 = very fluid, 3 = viscous. RC 250 
is a cut-back which is widely uséd in the USA 
nowadays. 


é@ - EMULSIONS 


Bitumen (55 to 65 %) is dispersed in water with 
the help of an emulsifying agent (1 to 2 %). This 
agent moreover keeps the bitumen in suspension. 
There are two sorts of emulsion. 

° Anionic: unusual and not suitable for ail 
aggregates; used mostly in Europe; 

° Cationic: more widespread and compatible with 
virtually ail soils, used in particular in the 
USA. 

Emulsions are usually very fluid and mix easily 
with soil which is already moist. They are less 
stable than cut-back, and there is a danger of the 
water and bitumen bond breaking down (separation). 
SS ih is an emulsion recommended for hot regions, 
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ADDITIVES 


These have various supplementary effects and be 
used to: 

- 1 + Neutralize salts: cement, 1 to 2 % by weight 
of the soil; 

- 2 * Flocculate the soil: lime, 1 to 2 % by 
weight of the soil; 

- 3 - Improve the coating of the grains with bitu- 
men: quaternary amines, use 0.6 % by weight of 
cut~back or 0.07 by weight of the soil; 

- 4 = Improve the adhesion of the bitumen to the 
grains: quaternary amines, use 0.03 % by weight of 
the soil; 

= 3+ Increase the rigidity of the bitumen film: 
waxes, use 0.07 % by weight of the soil or 1 % by 
weight of the bitumen; 

- 6 « Raise the dry and wet compressive strength: 
phosphoric anhydride (P,, 0. ), use 2 % by weight of 
the soil. 


EMULSIONS 
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1 = MIXING 


The effectiveness of the bitumen stabilization 
depends very largely on this operation. Too much 
much mixing can inerease water absorption after 
drying because of the premature break-down of the 
emulsion. {ff the mixing is carried out in the 
liquid or plastic state (adobe, cob, mortar, or 
rendering), mo problems of this sort are encoun- 
tered. 

On the other hand, if the soil is going to be 
compacted: the mixing will be carried out at OMC, 
When soils are already moist care must be taken 
not te add excessive quantities of stabilizer 
(water and bitumen). Wet strength and impermea- 
bility may be less good. 

When low proportions of bitumen are used (¢.g. : 
2%). It is preferable to add the bitumen to a | aS 
smal] quantity of soil, and then to mix this small 
quantity with the remainder of the soil. This 
applies particularly to cut=back. Emulsions 
should be diluted in the mixing water. 


2 - HOLD-BACK TIME 


When bituminous stabilizers with slow or moderate- 
Ty quick hreak-down time are used, it is possible 
to wait between mixing and moulding. When pro- 
ducts with rapid break-down times are used, oper 
ations should foliow one another without delay. 


3 = COMPACTION 


20 to 40 daN/cem? is enough and leaves the material 
a fairly perous structure in order to facilitate 
the evaporation of volatile solvents while ensur- 
ing good dry density. When turning out from the 
moulds the bitumen acts a release product, the 
blocks have an attractive appearance with sharp 
arrisses, 


4 - CURING 


Cut-back and emulsion which breaks down rapidly 
shorten drying times. It is preferable to allow 
bitumen-stabilized material to cure in dry air 
rather than in a moist environment. Compressive 
strengths are related to the quantity of bitumen 
used and the duration of the drying period. These 
two parameters should be determined in advance by 
means of tests to find out what the optimal values 
are. The loss of volatiles is greater for longer 
curing periods and higher temperatures, and this 
has a beneficial effect on absorption and ex- 
pansion. Above 40°C, however, no further {mprove- 
ment is noted. 


ABSORBED WATER (g) 


MIXING TIME (MIN) 


COMPRESSIVE STRENGTH 
G (daN/cm?) 


BITUMEN CONTENT (3) 
(CURING IN ORY AIR) 


ABSORPTION 
EXPANSION 
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ABSORBED WATER (3) 






CURING TEMPERATURE (3) 







412 RESINS 


A great deal of recent research work has been con- 
centrated on chemical stabilization by means of 
chemical resins, particularly in the civil engine 
eering field. The object of this research has 
been to achieve an increase in load-bearing capa- 
city while at the same time reducing the weight of 
the stabilized earth courses. The highest shear 
strength combined with the greater elasticity of 
the wearing courses has been sought. These ob- 
jectives, which correspond to civil engineering 
requirements, are not necessarily applicable to 
the construction of buildings, except for some 
horizontal surfaces; such as footways, stabilized 
stabs and similar. Quite extraordinary results 
have been obtained with resin stabilization. The 
considerable extra cost compared with ordinary 
stabilization procedures, however, remains the 
greatest barrier to its widespread use. 


BENEFITS 


Vigorous action, rapid setting, and easy incorpor- 
ation into the soil as viscosity {s comparable to 
that of water. Very moist soils can be solidi- 
fied. 


DRAWBACKS 


High cost, sophisticated production technology, 
available only in the industrialized countries, 
Quantities required large compared to conventional 
stabilizers, products are toxic, difficult handl- 
ing requiring the use of catalysts, sensitive to 
water, and service life uncertain, products are 
biodegradable. 


MECHANISMS AND PRINCIPLES 


These resins are made up of tong chain molecules 
resulting from the linking (polymerization) of 
certain chemical agents (monomers and polymers). 
They can be used in two different wayss 

- Monomers are added to the soil at the same time 
as the catalyst: reaction between the soil and the 
monomers as weil as polymerization is immediate, 
This fs case of abietic resins, for example, 

= Polymer {fs formed in advance by synthetic or 
natural means and then added to the soil as a 
solid, solution, or emulsion. 

The resins act in different ways, as a flaccul ant; 
as a dispersant or as an acid. Nevertheless the 
majority of products act to render the soil im- 
permeable, while the more sophisticated can 
improve the cohesion of the soil, 


1 = PROCESSED NATURAL PRODUCTS 


= GUM ARABIC: is obtained from the acacia tree. 
Its ability to provide impermeabilization is low 
because it is soluble in water. it acts primarily 
as a flocculant, helps to increase dry compression 
strength, and slows capillary absorption of water 
by acting on the kinetics of this phenomenon. 


- PALMO-COPAL: Copal jis a resin obtained from 
certain tropical trees. Palmo-copal is a solution 
of copal obtained by pyrogenation from. palm of1. 
The amount required varies from 3 to 3 % for sandy 
soils, Another variety, manilla copal, jis the 
only copal resin which has an impermeabilizing 
capacity. 


= WALLABA RESIN: water repellent. 


 COLOPHANE: is obtained during the distillation 
of turpentine essences from oily pine resins. 
Soluble fn organic solvents and in aqueous alka- 
line solutions. Colophane resin forms a gel after 
reacting with certain metallic salts (iron and 
aluminium). Reduces the water absorption of 
soils. 


- VINSOL: is also obtained in the production of 
turpentine. It.is used in acid soils at critical 
contro] rates (+ 1%). Water repellent; improves 
cohesion but does not affect compressive strength. 


- LIGNIN: is a by-product of the paper industry. 
It is a sort of alkaline resinous liquor with an 
impermeabilizing capacity. [t is soluble and can 
become insoluble when reacted with chrome. 
Chromo-lignin is unfortunately an expensive 
product. 


* MOLASSES: Sugar aldehydes from dehydrated 
molasses can be polymerized at high temperatures 
with phenolic catalysts. The. resinous material 
obtained has characteristics similar to that of a 
naturally occuring asphalt and synthetic resins. 


- ETHYL CELLULOSE: This is a synthetic resin which 
has been tested but without satisfactory results. 


~ CARBOXYMETHYL CELLULOSE: This is a non-ionic 
stabilizer with a coagulating action and is water 
soluble. 


* SHELLAC: confers excellent strength on sandy 
soils but the stabilized material does not stand 
up well to water, 


@ = FURFURAL-BASED RESINS 


Furfural is a toxic aldehyde found in grain 
alcohols and in the following materials: rice 
hulis, peanut shells, cotton seed, cane-trash, 
maize cobs and stalks, olive pits. [t is present 
in percentages ranging from 10 to 20 %. 


- FURFURAL ANILINE: A resin formed from furfural 
and aniline, which is a cyclic amine derived from 
benzene, and is nowadays obtained from coal. Mfx 
70 % of aniline with 30 % of furfural. The pro= 
duct is highly toxic and between 2 to 6 % is 
adequate for soil stabilization. It makes grains 
water repellent by ionic exchange and cements them 
together by polymerization. 


- PURFURYL ALCOHOL: This is an organic compound 
derived from furfural. It polymerizes in the 
presence of certain catalysts giving rise to 
polymers with excellent mechanical properties. 
Improves both the dry and wet mechanical 
strengths, and slows water absorption. 


- RESORCINOL-FURFURAL: This product is used in an 
aqueous solution catalyzed by soda in a basic 
milieu. It is a toxic product and is often very 
expensive. 


© FURFURAL-UREA AND PHENOL<“FURFURAL: Stabilizers 
wnich have been tested alone or mixed with furfur- 
al anilines disappointing results. 


3 - FORMALDEHYDE-BASED RESINS 


Formaldehyde is a volatile liquid obtained by the 
oxidization of methyl! alcohol. 


~ RESORCINOL-FORMALDEHYDE: This fs a mixture of 
resorcinol, antiseptic phenol derived from benzene 
and formaldehyde. This yields a resin which acts 
by cementation and as a water repellent. Reduces 
water absorption. 


- PHENOL-FORMALDEHYDE: Results known to be satis- 
factory. 


- FORMALDEHYDE*UREA: The action of this compound 
is similar to furfurol aniline, 


= CALCIUM=SULPHAMATE-FORMALDEHYDE: The results 
obtained have not been satisfactory. 


~ MELAMINE-FORMALDEHYDE: Good results for dry 
Strength but a 50 % loss of strength in the moist 
state. 


4 - RESINS BASED ON ACRYLIC COMPOUNDS 


= CALCIUM ACRYLATE: This water-soluble resin 
forms an insoluble gel with soil which jis rubbery 
or stiff depending on the moisture content. 


© ACRYLIC NITRITE: This resin is used for 
grouting. Cements and waterproofs. Acrylic amine 
nitrite, which is anether derived compound has 32 
similar action. 


= POLYACRYLAMINES: Cationic polymer. 
§ - UREA-BASED RESINS 
@ POLYURETHANE RESIN 


« UREA-FORMOL 


* METHYL UREA 


@ DIMETHYLOL UREA: gives the best known results 
for ureasbased resins although wet strengths 
remain low. 


6 =. POLYVINYL-BASED RESINS 


- POLYVINYLIC ALCOHOL: Non-ionic stabilizer which 
forms strong flexible films by the evaporation of 
the aqueous solution although it is soluble in 
water. Must be combined with natural oils or 
water repellents in order to be effective. 


- POLYVINYL ACETATE: This is the best product 
for sandy sails because it improves their cohe- 


siveness. The product is completely destroyed if 
immersed in water. 


7 =- OTHER PRODUCTS 
- ALUMINIUM COMPOUNDS 


- EPOXY RESINS 


SSS SSS a a rm rs a eee SS 


97 





413 NATURAL PRODUCTS 
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The term “natural products” covers a wide range of 
stabilizers of animal, vegetable and mineral 
origin. In our discussion of vegetable products 
we will concentrate on those obtained directly 
from vegetation or are subject to a simple pre- 
paration process rather than those which are the 
result of involved processing, more like the 
synthetic products, such as agricultural wastes. 
Accurate scientific information about these 
natural stabilizers, whose use is largely 
dependent on traditional skill, is rare and 
research is virtually non-existent. Nevertheless 
in recent years, various research laboratories 
have started to take a closer interest in 
investigating these products. 


The attraction of these stabilizers is that they 
are locally available. Even sa they are rarely 
available in-large enough quantities to be used on 
anything more than the individual level. On the 
other hand because of their rarety and the fact 
that they produced by hand their market value is 
higher than industrial products, such as gum 
arabic. Often these products have a social 
utility, and could be used for agriculture or even 
{in food, so that their use as stabilizers is 
difficult to countenance. 


These stabilizers are often only effective in 
very specific conditions of preparation and en- 
vironment. Even so the products have the advan- 
tage, for example with respect to water resis- 
tance, of slowing the dynamics of deterioration. 
The water absorption of a treated wall will be 
slower than that of an untreated wall allowing 
deterioration to be remedied (between two rainy 
seasons for example); while an untreated wall 
would deteriorate very rapidly. [t should be 
remembered that natural products are not as 
effective as industrially manufactured products 
such as cement, lime, bitumen, and so on. 


1 = MINERAL PRODUCTS 


These products are used to correct the grain size 
distribution of soils. For example sands can be 
added to clays and vice versa. Sometimes very 
specific soils are selected in order to obtain 
very particular effects. A good example is 
bentonite, which is added in small quantities to 
the soil being treated. This smectic clay has 
powerful degreasing properties and expands in the 
presence of water, thus preventing the passage of 
water, 


Some sofls (volcanic sands in particular) have 
natural pozzolanic properties. They can be used 
for stabilizing clayey soils but often require the 
addition of at least 30 % of lime or cement before 
becoming an effective binder which in turn will 
stabilfze clay when added at a rate of about 8 %. 


2 - ANIMAL PRODUCTS 


These are only very rarely used for stabilizing 
walls or solid elements of a building. They tend 
to be reserved for the stabilization of render- 
ings. 


- EXCREMENT: All sorts of excrement are used. 
Cowpats are undoubtedly the most widely employed, 
although it is better used as a manure or fuel. 
This particular excrement has in the final ana- 
lysis only a very limited effect on water 
resistance and reduces compression strength. 
Other traditions make use of horse or camel dung, 
or of pigeon droppings. The action of these sorts 
of excrement is probably due to the presence of 
fibre (mixed straw), phosporic acid and potassium. 
The use of “animal urine is aiso known. Horse 
urine when used to replace the mixing water (e.g. 
for daub) effectively eliminates cracking and 
gives a marked improvement in the ability of the 
soil to stand up to erosion. Surprisingly geod 
results can be obtained when it is combined with 
lime, 


- ANIMAL 8LOOD: The use of bull's blood jis known 
from Roman times. When combined with lime or 
polyphenols stabilization with bull's blood is 
effective. The blood must be fresh and not be in 
powder form. 


- ANIMAL FUR AND HAIR: Animal hair and fur play 
much the same role as some vegetable fibres. 
Their use is generally reserved for stabilizing 
renderings. 


© CASEIN: Proteinic casein (middle fraction of 
the protides of milk) is sometime used in stabili- 


zation ig the form of whey combined with bull's: 


blood. Certain milk powders have been tried and 
gave good results. "Poulh's soap” is also used. 
This is diluted casein and beaten like a paste, 
after first being mixed with brick dust prior to 
being to added to the soil. 


- LIME: Lime can be prepared from shells or core 
al. This is still done in some countries such as 
Somalia, and Senegal. 


@ ANIMAL GLUES: These can be used for stabiliza- 
tion, particularly for renderings. Animal giues 
are produced from horn, bone, hooves, and hides. 


© TERMITE HILLS: Termites secrete an active sub- 
stance, which appears to be a non-ionic cellulose 
polymer of the polysaccharide type. Termite hills 
stand up well to rain and their soil can be mixed 
with another for the production of blocks. The 
substance has been synthesized by research workers 
in South Africa, but costs three times as much as 
cement. 


- OILS & FATS: Fish ofts and animal fats can 
serve as waterproofing agents. Similarly the 
stearates contained in animal fats play the same 
role. 


3 = VEGETABLE PRODUCTS 


- ASHES: Hardwood ash is rich in calcium carbonate 
and has stabilizing properties but is not always 
suitable for soils which may be suited to lime 
stabilization. Classic proportions suggest the 
addition of 5 to 10 % ash. They improve the dry 
compression stength but do not reduce sensitivity 
to water. 


~- VEGETABLE OILS & FATS: If they are to be effec- 
tive vegetable oils must dry quickly so that they 
harden upon contact with the air and are insoluble 
in water, The use of castor of] is highly effec- 
tive, but it is extremely expensive because it 
also used in aviation. Coconut, cotton, and 
linseed oils are alse used. Kapok oi] prepared 
first by roasting kapok seeds, turning them into a 
flour which can then be transformed into a paste 
(20 to 25 1 of water to 10 kg of powder) can be 
effective. This depends on the quality of the 
seeds and the roasting process, which increases 
the yfeld, as well as the length of time it takes 
to prepare the paste (6 hours boiling). There is 
also palmitic acid which is obtained from saponi- 
fied palm of] precipitated by 25 % HCI. About 
1 kg of palmitic acid is obtained per kg of palm 
soap in solution, 





Paimitic acid mixed with lime gives calcium palm- 
itate, which is used in stabilizing renderings. 
Shea (karite) of] or butter is also used for 
renderings. This product is also used for soap 
production but is increasingly scarce for cons- 
truction applications. 


= TANNINS: Tannins often act as dispersants and 
improve the coating of grains by clays. They are 
also goed compaction acid (break-up of lumps) and 
they reduce permeability. The amount of tannin 
required varies from a small percentage of the 
mixing water for the most active-products, to the 
total replacement. of the mixing water when tannin 
decections are used. The most commonly known are 
tannin from the bark of néré (7), oak, chestnut, 
scorpioid -acacia (gonahier). 


= HUMIC ACID OR POLYPHENOLS: These are derived 
from lignin, and form hard stable compounds, 
particularly in ferralitic soils. 


- SAP ANO LATEXES: The juice of banana leaves 
precipitated with lime improves erosion resistance 
and slows water absorption. The latex of certain 
trees, such as euphorbia, reduces permeability 
slightly. The same applies toa hevea rubber, and 
concentrated sisal juice in the form of organic 
glue. Latexes mix with acid soils (coagulation), 
but mix better with basic soils. 


tt 
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414 SYNTHETIC PRODUCTS 


eee 


These stabilizers are industrial or synthetic 
products, and may even be industrial wastes. 
Others in this group may be natural products which 
require sophisticated processing. These products 
are currently the object of laboratory research. 
They are not very satifactory from the economic 
point of view and their effectiveness is often 
doubtful. Some of the products mentioned have 
long been known, while others have been abandoned. 
In general they are not widely used. 


1 =- ACIDS 


Using acids always entails some degree of risk. 
Each type of acid involves a specific reaction. 
They modify the pH of the soils in which they are 
incorporated, resulting in flocculation, the 
effects of which are often reversible. Some acids 
act as catalysts to form insoluble phosphates. 
Hydrochloric acid (HC!) and nitric acid (HNO_) 
result in moderate stabilization. Hydrofluoric 
acid (HF) is very effective in all soils except 
these with high aluminium contents, inducing a 
reaction which brings about the formation of 
insoluble and strong silica . fluorides. «The 
effectiveness of sulphuric acid (H.SO_) fs doubt- 
ful. If phosphoric acid (P_0.) is incorporated a 
hydration reaction is set a? with the formation 
of phosphoric anhydride (H,PO ) which reacts with 
clayey minerals, and the creation of an insoluble 
gel of aluminium and iron phosphates, which cement 
the grains together. 


2 - SODAS 


Sodas induce cementation by reacting with minerals 
which produce insoluble silicates and aluminates. 
Caustic soda acts as a dispersant by degrading the 
minerais by alkaline attacke. The product reacts 
vigorously both with lateritic soils and with 
soils with a high aluminium content. The best 
Strengths are obtained when an adequate curing 
period for the material fs allowed. Caustic soda 
is not suitable for soils with high montmorillon- 
ite contents. The following are also known to be 
used: 

« barium hydroxide: Ba(OH)_, HO; 

« calcium hydroxide: ca(OHf ; ; 

e potassium hydroxide: KOH, 1/2 H_0; 


5 
» lithium hydroxide: Li0H,H,0. ' 
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3 - SALTS 


Salts acting on soils induce colloidal reactions, 
alter the characteristics of the water and lead to 
fFloceylation. By increasing the attraction 
between fine soil grains, salts heip to create 
larger particules. This flocculation reaction 
leads to a reduction in density and an inerease in 
OMC, in permeability and strength but also to a 
reduction in plasticity. Salts act on pore water 
and reduce the loss of water from the soil, slow- 
ing evaporation, and reducing water absorption. 
However, the effectiveness of treating soil with 
salt depend on the magnitude of the moisture 
movements in the stabilized material, The 
treatment is not always lasting as the salts can 
be leached out and dissolved when the material js 
moistened again. The quantity of soil required 
lies in the region of 0.5 to 3%. Four main salts 
are used: 

- Sedium chloride: flocculant and aid to compac- 
tions effective in non-saline soils; 

- Calcium chloride: impermeabilizing agent; 

- Ferric chloride: powerful coagulant and floecu- 
lant; 

- Aluminium chloride: electrolytic coagulant, 
electrochemical consolidation of soil. 

Salts should never be used in conjunction with 
cement. 


4 = QUATERNARY AMINE DERIVATES 


Some cationic quaternary amine compounds are used 
alone or occasionally as secondary additives to 
cement or bitumens in concentrations of 5 to 10 % 
of the cationic exchange capacity of the clay 
fraction, They act as binders and water repel- 
lents. They require a sophisticated production 
process and they are difficult to mix with the 
soil when only lew concentrations are involved. 
These products are expensive and are not readily 
available. The most effective quaternary amine 
derivates are the aromatic or aliphatic amines, 
and the amine salts. These products are often 
effective in quantities as low as 0.5%. They 
form a water repellent film around the grains, 
which because of its tensio-active properties 
reduce capillary water absorption. These 
treatments are particularly suitable where 
capillary rise presents problems and may be 
suitable for foundations which are constantly 
exposed to moisture. The products may loose 
their effectiveness, if they are immersed in water 
or if they are totally dried out over an extended 
period, 
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5 = SILICATES 


Sodium silicate jis fairly cheap and is available 
in many parts of the world. The quantity usually 
used is 5 % and it has proved toe be attractive for 
stabilizing sandy soils, clayey and silty sandy 
soils, sands rich in limonite (some laterites) in 
arid regions, and in general sails which lack 
cohesion, Sodium silicate is nat suitable for 
clay soils. Sodium silicate alse acts as an 
impermeabilizing agent, particularly where a 
surface treatment of the materials is required. A 
curing period of at least seven days is required 
if the effectiveness of the treatment is to be 
‘assured. The product is highly soluble but can be 
rendered insoluble by allowing it to react with 
slaked lime. Sodium silicate can be dissolved in 
water and jis then known as "waterglass". Other 
silicates may be used such as potassium silicate 
and calcium silicate. 


6 = STEARATES 


Stearates are salts or esters of the stearic acid 
contained in animal fats. They act as impermeabi- 
lizing agents, Aluminium and magnesium stearates 
as well as zinc stearate may be suitable. 


7 = PARAFFINS 


Paraffins are a mixture of solid saturated hydro- 
carbons characterized by their inertness in the 
presence of chemica] agents, They can be used as 
a compaction agent but must first be dissolved in 
a fatty medium. 


8 =~ WAXES 


Industrial waxes can be used as an aid to compac- 
tion. They are often added to other stabilizers. 


9 = LATEXES 


Industrial or synthetic latex dissolved in water 
and added at the rate of 3 to 15 % can give good 
results. These products are binders and impermea- 
bilizing agents. 


10 = SYNTHETIC ADHESIVES 


Synthetic glues with one or two components. 


11 = SOAPS 


The use of between 0.1 to 0.2 % of ionic detergent 
has’ no effect on strength but reduces water 
sensitivity by about 25 %. 


12 = INDUSTRIAL WASTES 


Certain industrial wastes can be used for stabijii- 
zing soil. 


= SUMP OiL: It has no lasting effect because it 
is washed off by rain. It is an impermeabilizing 
agent. 

« BLAST FURNACE SLAG: These are silica  siags 
which can approach Port]and cement in composition. 
Some qualities of fly ash have no effect at ali. 

@ LIGNIN AND LIGNOSULPHATES: These are by-pro- 
ducts of the wood industry. Soluble in water, 
they can be rendered insoluble by mixing with 
chrome salts (potassium or sodium bichromate) 
resulting in a thick gel, known as chromolignin. 
Good impermeabilizing agents, but expensive. 

= MOLASSES: A preduct of the ‘sugar industry. It 
improves compressive strength and reduces capil- 
larity. A quantity of 5 % is suitable for sandy 
and silty soils. Add lime for clayey soils. 

- POZZOLANS: If these are to be effective they 
must be used with lime. 

= OTHER PRODUCTS: Plastified sulphur, sulphonates 
and siliconates (water repellents). 


13 = PLASTER 


Plaster or calcium sulphate is an attractive 
Stabilizer for sandy soils which lack cohesion. 
it is not recommended for clayey soils. Plaster 
by itself gives good results when used in quan- 
tities which do not exceed 15 % There is a risk 
of premature setting, i.e. prior to moulding, and 
when small quantities are prepared problems may be 
encountered. Plaster can be combined with lime (1 
- 1) but not with cement, as this can have disas- 
trous results. A plaster-lime mix may be suitable 
for clayey soils which would not stand up well to 
water, if stabilized with plaster alone. When 
used for sandy soils moulded into adobes at least 
S to 10 % of plaster is required, and this may 
rise to 20 % The wet strength of plaster-stabi- 
lized materials fs equal to or lower than that of 
non~stabilized materials. Fruitless attempts at 
stabilizing materials with calcium anhydrite have 
been made (purer than gypsum). 
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The products mentioned below are commercially 
available. Many of these products are presented 
by the makers or their commercial agents as being 
"miracle™ products. It cannot be said too often 
how important it is to systematically verify the 
real performance of a product and to determine how 
well-founded the sales arguments are which are put 
forward in publicity, oral presentations, and in 
laboratory reports. 


The majority of these commercial products are 
based on known industrial products and act in the 
same way. Nevertheless, manufacturers do not 
always describe their product in precise detail, 
and keep their formula secret. It will be noted 
that the majority of these products are not 
patented. This is because they are already public 
property. To give an example a product which jis 
90 % sulphuric acid will be described as "a liquid 
catalysts, soluble in water and inducing ion 
exchange", Consequently it appears to be 
essential to insist that salesmen identity their 
product exactly and, if necessary, obtain the 
advice of specialists (e.g. from chemical engi- 
neers). This distrust does not necessarily lead 
to the systematic rejection of these products, as 
some them are effective, albeit for clearly 
specified applications. 


Many of the products on the market have been 
formulated for use in road stabilization. A large 
number of these were developed in a military 
context in recent wars, with a view to achieving 
the quickest possible stabilization of impassable 
roads or for constructing landing areas and heli- 
ports on marshy land in the space of just a few 
hours. The service life of such applications was 
often not guaranteed to be anything more than a 
few months. The original intention of these pro- 
ducts should therefore not be forgotten. The 
demands imposed by the temporary stabilization of 
roads and the conditions of use are very different 
from those demanded by the construction of perma- 
nent buildings. Some of these products, which are 
highly effective on roads, rapidly lose their 
effectiveness when used to stabilize walls, 
laboratory reports must be interpreted in the 
light of these applications in the road construc- 
tion field. Moreover a large number of tests and 
trials are carried out on samples prepared by the 
makers of the preducts themselves. This practice 
of course does makes it impossible for the 
laboratory to guarantee the product itself even 
though the results obtained on the material can be 
guaranteed. 
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The quantities of these products when used for 
stabilization are extremely low, being often of 
the order of 1% or 0.1 % and even 0.01 %. The 
difficulty of achieving uniform mixing can thus be 
appreciated. For example when one tonne of soi} 
mast be processed the use of one kg of the product 
requires very thorough mixing and professional 
attention to the work, 


Price studies carried out by manufacturers usual ly 
indicate a price clearly lower than that of cement 
stabilization, which is usually used as a refer- 
ence figure. However, as soon as the suggested 
quantity proves not to be effective and it becomes 
necessary to increase the quantity required, there 
is a distinct danger of exceeding the budget. 
Furthermore the real sale price of these integrat- 
ed products often includes an excessive profit 
margin, especially if one remembers that these 
products are only moderately effective and that 
they are the most common industrial chemicals. 
The prices are often set with respect to a ceiling 
of acceptability compared with conventional 
stabilizers. lt is not unusual to observe that 
products with identical formulas can be purchased 
directly from suppliers of industrial chemicals 
for prices which may be 20 to 50 % less. 


The use of these products may prove to be satis- 
factory, but it is essential to carry out thorough 
preliminary tests and studies. 
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COMMERCIAL PRODUCTS 
PRODUCTS PROPORTION 


0.15 to 2 % 
0.15 to 2 $% 


ADOGEN 442 
ALIQUAD H 226 
AM & (9) 
ARMEEN 
ARQUAD 2 TH 


BLOC SOL Very low 


CONSERVEX SCX 444 | 0.5 to 1 
CONSOLID SC 444 | 0.05 3 
CRETASOL 


DYNASOLO DS 328 0.02 to 0.1% 


EARTH-PAK 
FIXA-T 
GEOPOLYMER 
LANDSCAPE 
LYTRON 

MITSUI STOPPER 
NSP 121 AND 252 
NUX 

PACZYME 
PLASMOFALT 
PLASTIC B 


RESINE 321 
RESORSABOND 
RRP 


STABILONIA 0.2 % 
STABINOL 
STABIRAM 677 N 
STASOL 


0.2 to 1 % 


$.2<S. Very low 
TACSS 

TERBEC 

TERRABIND A AND B 


TERRABIND C 
TERRABIND 0 


BASE 


Quaternary amine 
Quaternary amine 
Polyacrylamide 


' Polymer detergent 


Polymer detergent derived from 
quaternary amine. Dialkyldimethyl 
ammonia chloride. 

Polymolecular amine + solvent + 
natural and synthetic resins 
Cutback and quaternary amine 


Wax and polymer detergent 


Quaternary amine on lime filler 

. 
Organic salt reacting with a neut- 
ralizing metallic salt to form an 
insoluble metallic gel 


Catalyst based on geopolymer 
orecursor, Oligosialate 


Phenolic resin 

Polyurethane 

Natural water-repellent rasin 
Natural water-repellent resin 


Polymer molasses + cutback 
Lignosulfate and cutback (poly- 
merized molasses) 

Colophane derivate 

Resorcinol + aldehyde 

Sulphuric acid and sulphonated 
hydrocarbons 

Fat amine acetate 

8 % cement + 20 % resin 

Fat amine acetate 

Concentrated acid and electrolyte 


Ionic catalyst 

Polyurethane 
4-tert-butylpyrocatechol 
Abietic Lignosulphate resin 


Quaternary amine 








REMARKS 


Somewhat poisonous 


Marketed by Prodo - Switzerland 


Impermeabilizing agent to be 
used with Consolid SC 444 
Compacting aid to be used with 
Gonsolid SCX 444 

Identical to Stabiram - Caca - 
France 

Senda - Brazil 


Compacting aid 
Cordi s.a. - Franca 


Another name for RRP 
Monsanto 


Compacting aid 

Identical to Plastic & 
Impermeabilizing agent + impro- 
vement of cohesion 


Compacting aid and possible 
ionic catalyst 

Similar to Stabiram 677 N 
Cohesive and water-repellent 
Caca - France 

Applied in 2 applications after 
6 hours of reacting with acid 
Cerata - France 


Impermeabilizing agent 
Identical to Resin 321, alumi- 
nium sulphate must be added 
Binder 
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200 SUITABILITY OF SOILS 


ae 


Immense experience has been acquired with building in 
earth in recent times. It is, however, far from being 
complete. The criteria for the suitability of a soil 
currently in use are far from final and should not be too 
literally interpreted. 


The majority cf design charts used have been borrowed 
from road engineering techniques and these are fairly 
Suitable for earth construction. Many suitability cri- 
teria, however, were drawn up on a regional! scale and are 
therefore not always universal in application. The best 
course is to draw on their general approach while adapt- 
ing them ta local conditions. They should be used pri- 
marily for their qualitative information. 


Interpretation should be as flexible as possible as 
should be their amendment, taking into account the ranges 
of values, which can to some extent be enlarged and still 
provide good results. Even so only experienced personnel 
who can appreciate the consequences of their use should 
be allowed to interpret suitability criteria. In stabi- 
lization, for example, it is possible to depart to some 
extent from the ideal conditions described by the suita- 
bility criteria, but at the same time the dangers involv- 
ed in doing so must be appreciated. When a well-defined 
soil is used regularly, experience and know-how will 
confirm the accuracy of the values considered (e.g. pro- 
portions). It should, however, never be forgotten that 
the economy of the final product depends basically on 
choosing a new soil. For large-scale projects prelimi- 
nary comparative tests can be carried out on test walls 
built using different methods and make it possible to 
find the most suitable solution. Apart from these, 
indicator and laboratory (if necessary) tests are essen- 
tial if the greatest efficiency is to be obtained. 


similarly the suggested suitability criteria must be 


regarded as a starting point. They cannot be considered 
as binding recommendations and even less as standards. 
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501 SOILS : GENERAL EVALUATION 


OO EOE i 
CAN THIS SOIL BE USED FOR CONSTRUCTION? A reply to the question "Can this soil be used for 


- What will it be doing? A bearing or nonebearing light of the available soil. Should the soil be | 
wall? An inside or outside wall? An arch, vault, changed, if it does not suit the technique or 
or dome? A terrace? Rendered or not? Will should it be improved so that it is suitable? And 
there be any form of protection? And similar again should another technique be chosen, if it is 
questions. not suited to the available soil, or should the 
- What means are available? Can it be stabilized technique be modified so that it is suitable? 
or not? Can the soil be improved? And so forth. Suitability criteria and reference nomograms wi WW 
guide choice but their use remains problematical. 
They should not be interpreted too strictly and 
are best used only by competent persons. Thus 
when theoretical decisions are taken, tests must 
be made to check on practical performance. 





NOT SUITABLE. 
BE ADDED 

NOT SUITABLE. 
BE ADDED 

ERODES EASILY. 
SUITABLE. 
SHOULD BE . ADDED 
NOT SUITABLE. 
BE ADDED 

NOT SUITABLE. 
BE ADDED 

ERODES EASILY. 
SUITABLE. 
SHOULD BE ADDED 
SHOULD BE ADDED 
NOT SUITABLE. 
ACCEPTABLE 
SHOULD BE ADDED 





construction?" is both impossible - if a toe a a n Q a ” = 7 

There is no direct reply which can be reasonably direct reply is given - and disconcertingly easy ~ z = 3 Zz 2 3 3 3 z 5 5 9 Z 4 

made te this question, I{t is preferable to adopt if care is taken in replying. In general all soil E = a 7) = 3 a w a - ie > = 3 

a gradual approach by asking a series of questions with good cohesion can be used for construction, a< = hast = 2 = = 3 2 a = & g a 

of the type: but it is advisable to make sure that all the 23 75) 2 ie) ) A uw! nf rs 2 - 

« What do you intend to build? An outside wall? means for using it are available. Another consi- 3 2 2 = % = = z 2 5 cI 2 = % a ~ & 

A single-storey dwelling? A building with several deration becomes important where the suitability - ns lis Le < be Lic Us =< = a < r E 

floors? And so on. of the soil for a particular building technique is St Is 3 nw 3 = te z 2 2 

- Where do you intend to build? In an earthquake being questioned, or, in the reverse case, where Wy : re] a a 3 F > Z 

region? Ina dry or a wet region, etc.? the building technique is being questioned in the | o oI ui ui w ul 2 : = 
E 2 = 9/3 =o] =] 2 
= = ¥3i 5 Hs) ze] 
B a a zB 2 > 3 





SLIGHT TO 
HIGH 
MEDIUM TO 
VERY HIGH 
VERY SLIGHT 
TO MEDIUM 
MEDIUM TO 
HIGH 


STRENGTH DRY 


COMPRESSIVE 








2700 kg/cm?) 


VOIDS RATIO 















as VERY SLIGHT » 1440 « 0.90 


AT O.M.C, 


++ VERY HIGH 
ENGINEERING PROPERTIES OF THE VARIOUS SOIL COMPONENTS + HIGH 


M MEDIUM 


; ao } a oo 
, » 1700 « 0.60 


=) 
and 
Ww) 
> 
a a 
Lad 
= 
=) 
re 

ry 
o 
we 
2 
Qo 
=) 
= 


> 1600 ¢ 0.70 


HIGH VERY HIGH | > 1600 < 0.70 


» 1520 4 0.80 
: 
| | SUITABLE AS SOD 


“ALMOST NONE > 1600 4 0.70 | 






SENSITIVITY | BULK DENSITY 


SLIGHT TO 





~~ VERY LOW 
LOW = us wd 
- S Fz g 2 2 2 © e\e Se 
2]. ae 5) 58) 58/57/58 z 3 
i ra mae o a ee? Oo te a = a > 
g| = a*| = a la |a4 | 88/8 a 
GROUP eiz = 
DESIGNATION a 
2 3 = 2 = 9 =) ° 
SILTS 2 5 5 5 g 5 S — -%\= g 
s}s/s5/i5/}2] 58] 5 Sere e122 : 
VERY FINE SAND wi ¢ ~ ati/at/art ee 
a)=2/2)25/2/ 2) & z la |§ zi 





CARBONATE 
SULPHATE 





ALLOPHANE 
KAOLIN 
[LLITE 


SOIL 


MONTMORILLONITE 


Organic silt and clays 
Highly plastic organic 
silt and clay 


with low-plasticity 
Peat and other highly 


Poorly graded 
organic soils 


l 
GW 
so Silty gravel 
Low-plasticity 
Low-plasticity 


Clean gravel 
Well graded 
Clean gravel 
Poorly graded 
Highly plastic 
Highly plastic 


Clean sand 
Well graded 
Clean sand 
cw Silty sand ALMOST NONE 





Clayey sand Sere 0 
zee MEDIUM 





CHLORITE 
ORGANIC MATTER 





SC 


aud = ad = ae ial 
OQ = o Q OQ = 
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pe Clayey gravel 
SW 
SP 
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502 CONSTRUCTION METHODS 









ROCKY CRUMBLY 







- ROCKY CONCRETION : Monolithic agglomerations 
of coarse material; compact and heavy soil which 
is difficult to cut. 


~- CRUMBLY CONCRETION : Agglomerations of crumbly 
or decomposed material, including peat and sod, 
which is easy to cut. 


- SOLID AGGREGATION : Perfectly dry soil in large, 
solid lumps. 


- FRIABLE AGGREGATION : Absolutely dry soil in 
powder form, 


- ORY SOIL : Soil characterized by a naturally 
low humidity, (4% to 10%); it is dry rather than 
moist to the touch. 


- MOIST SOIL : Soil unmistakably moist to the 
touch (8% to 18%), but cannot be shaped because of 
its lack of plasticity. 


* Values for moisture content are only indicative 
and vary greatly according to soil type. 
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STATE OF HYDRATION OF THE SOIL 


CONGRETION an 
ORY MOIST 
SOIL SOIL 


el 
GRAVELLY 
“SANDY 
SILTY 
——Y CLAYEY 
—_—"_| 


— 





FRIABLE 
AGGREGATION AGGREGATION 








tT -~ DUG OUT 
Dwelling dug directly out of a 
layer of the earth's crust. 


2 ~ EARTH SHELTERED SPACE 
A structure built in one or o- 
ther material, but not earth, 
is ancased and covered with soil, 


3 + FILL=-IN 

Ungraded soil is used to fill 
hollow materials used as 4 car- 
case. 


4 ~- CUT BLOCKS 
Blocks of earth are cut directly 
from the ground, 


5 = COMPRESSED EARTH 
Blocks or massive walls are for- 
med by compressing soil in 
moulds of formwork. 


6 - DIRECT SHAPING 
Thin walls are built by direct 
manual shaping of plastic soil. 









7 - STACKED EARTH 

Thick walls are built up by pi- 
ling up pasty balls of earth on 
top of one another. 


8 ~ MOULED EARTH 
Pasty soil is mouled by hand 
or in moulds of various shapes. 






9 = EXTRUDED EARTH 

A soil paste is extruded by a 
powerful machine and building 
elements ara then made from it, 


10 - POURED EARTH 
Liquid soil poured into formwork 
or moulds serves as a kind of 


11 = STRAW CLAY 

A slurry consisting of clayey 
soil binds shreds of straw fibre 
to produce a fibrous material. 


12 - DAUBED EARTH 

Clayey soil mixed with fibres is 
applied in a thin layer to fill 
in a support, 


STATE OF HYDRATION OF THE SOIL 


PLASTIC SOFT LIQUID 
SOLID SEMI-SOLID} SEMI-SQFT SOFT MUD SLURRY 
PASTE PASTE PASTE PASTE 


















nes 


~- SOLID PASTE : An earth ball (moisture content 
15 $ to 30 %)- which flattens only slightly when 
dropped from a height of one metre is formed by 
powerful kneading with the fingers. 


- SEMI-SOLID PASTE : Only slight finger pressure 
is sufficient ta form an earth ball (moisture con- 
tent 15 $ to 30 3) which flattans slightly but 
does not disintegrate when dropped from a height 
of one metre. 


- SEMI-SOFT PASTE ; With this very homegenous 
material it is very easy to shape an earth ball 
which is neither markedly sticky nor soiling(mois- 
ture content 15 % to 30 %) that flattens markedly 
without disintegrating when dropped from a height 
of ong metre. 


- SOFT PASTE : This kind of soil is so adhesive 
and soiling (water content 20 $ te 35 $) that it 
is extremely difficult, if not impossible, to make 
balis from it. 


- MUD : This kind of soil is saturated with water 
and forms a viscous, mora or less liquid mass. 


« SLURRY : This consists of a suspension of clayey 
earth in water and constitutes a highly liquid, 
fluid binder, 
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203 RAMMED EARTH 


NOTES ON REGIONAL SOILS _ 


BD = 20 mma n = 0.25 


? 


QUANTITY OF PARTICLES 
PASSING SIEVE (%) 


2 0,2 0,02 0,002 


SIZE OF PARTICLES PASSING SIEVE (mm) 


The limits of the zones recommended are approximate. The tolerances permitted vary considerably. Pre- 
sent knowledge does not justify the application of narrow limits. 

It is admitted that many soils which fail, for one reason or another, to comply with the requirements 
have been found satisfactory in practice; all that is claimed for the recommendation is that materials 
which comply with it are more likely to be satisfactory than those which do not. 

The zones are intended to provide guidance and are not intended to be applied as a rigid specification. 


NOTES ON REGIONAL SOILS 


PI (3) 


PLASTICITY INDEX 


20 20 40 


LIQUID LIMIT LL (3) 


M2 














NOTES ON REGIONAL SOILS 


10 20 | 30° 


OPTIMUM MOISTURE CONTENT (3) 


The limits of the zones recommended are approximate. The tolerances permitted vary considerably. Pre- 
sent knowledge does not justify the application of narrow limits. 

It is admitted that many soils which fail, for one reason or another, to comply with the requirements 
have been found satisfactory in practice; all that is claimed for the recommendation is that materials 
which comply with it are more likely to be satisfactory than those which do not, 

The zones are intended to provide guidance and are not intended to be applied as a rigid specification. 


NOTES ON REGIONAL SOILS 


a 


MAXIMUM ACCEPTABLE LOAD 


200 


COHESION 
T (eN/em*?) (g/cm?) 
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204 ADOBE BRICKS 


NOTES ON REGIONAL SOILS 


D=20m n= 0.25 


\ 


PASSING SIEVE (%) 


QUANTITY OF PARTICLES 


2 0,2 0,02 0,002 


SIZE OF PARTICLES PASSING SIEVE (mm) 





The limits of the zones recommended are approximate. The tolerances permitted vary considerably. Pre- 
sent knowledge does not justify the application of narrow limits. 

It is admitted that many soils which fail, for one reason or another, to comply with the requirements 
have been found satisfactory in practice; all that is claimed for the recommendation is that materials 
which comply with it are more likely to be satisfactory than those which do not, 

The zones are intended to provide guidance and are not intended to be applied as a rigid specification. 


| _ 
40 


NOTES ON REGIONAL SOILS 


PLASTICITY ENDEX 


20 30 40 


LIQUID LIMIT LL (3) 
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COMPACTIBILITY NOTES ON REGIONAL SOILS 


DRY DENSITY 


10 20 30 


OPTIMUM MOISTURE CONTENT (3) 


/ # 





The limits of the zones recommendéd are approximate. The tolerances permitted vary considerably. Pre- 
sent knowledge does not justify the application of narrow limits. 

It is admitted that many soils which fail, for one reason or another, to comply with the requirements 
have been found satistactory in practice; all that is claimed for the recommendation is that materials 
which comply with it are more likely to be satisfactory than those which do not, 


The zones are intended to provide guidance and are not intended to be applied as a rigid specification. 


COHESION NOTES ON REGIONAL SOILS 


MAXIMUM LOAD 
4 
3 . 
7 
640 


200 


(daN/cm*) 


MAXIMUM ACCEPTABLE LOAD 


COHESION 
L (cN/em*) (g/cm?) 
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905 COMPRESSED BLOCKS 


NOTES ON REGIONAL SOILS Te ae ee eres 
NOTES ON REGIONAL SOILS 


PASSING SIEVE (2) 


QUANTITY OF PARTICLES 
DRY DENSITY 


Z 0,2 0,02 0,002 
10 20 30 


SIZE OF PARTICLES PASSING SIEVE (mm) 
OPTIMUM MOISTURE CONTENT (3) 





The limits of the zones recommended are approximate. The tolerances permitted vary considerably, Pre- 


sent knowledge does not justify the application of narrow limits. The limits of the zones recommended are approximate. The tolerances permitted vary considerably. Pre- 


It is admitted that many soils which fail, for one reason or another, to comply with the requirements sent knowledge does not justify the application of narrow limits. 

have been found satisfactory in practice: all that is claimed for the recommendation is that materials It is admitted that many soils which fail, for one reason or another, to comply with the requirements 
which comply with it are more likely to be satisfactory than those which do not. have been found satisfactory in practice; all that is claimed for the recommendation is that materials 
The zones are intended to provide guidance and are not intended to be applied as a rigid specification. which comply with it are more likely to be satisfactory than those which do not. 


The es ara intended to provide guidance and are not intended to be applied as a rigid specification. 
PLASTICITY NOTES ON REGIONAL SOILS mee abil E oe ue se 





NOTES ON REGIONAL SOILS 


PLASTICITY INDEX 
MAXIMUM ACCEPTABLE LOAD 


20 30 40 


200 360 640 


LIQUID LIMIT LL (3) 
COHESION 
TL (cN/em?) (g/cm?) 
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906 STABILIZATION : GENERAL EVALUATION 


eS eee eee reece ee? 


When the properties of a soi] are not entirely 
satisfactory, it may be possible to use stabiliza- 
tion in order to bring about an improvement. The 
knowledge of the general suitability of soils and 
a certain skill in identifying soils will serve as 
a guide to decisions on stabilization. 


The general rule which says that “cement and 
bitumen is good for sandy soils and lime is gocd 
fer clayey soils" is ‘perfectly applicable but 
ignores many other stabilization methods. It is 
nonetheless true that the main stabilization 
methods make use of compaction, fibre, aggregate, 
cement, lime, or bitumen, Even so there are many 
other methods and products, but either their 
efficiency is less, or they are applicable to 
fewer soils. Furthermore these other methods may 
be extremely expensive and thus be ruled out for 
economic reasons. 


Decision-making may make use of three main proce- 
dures: 

- 1 - by referring to nomograms. These are based 
essentially on information from the road engineer- 
ing field. Care must be taken to interpret them 
correctly. 

- 2 - by performing direct tests. Measurements of 
shrink or pH for example, which make it possible 
to. judge suitability directly and what p-coportion 
of stabilizer is required. 


- 3 = by carrying out all the required tests on 


samples or on sample bricks. 


in general it is better to try for a good result 
with a minimum of stabilizer, than trying for the 
best possible result. It should be remembered 
that laboratory conditions differ from field 
conditions, and that these may require a 150 % 
increase in the amount of stabilizer. 


ASTM CEMENT STABILIZATION USCS 


SOIL 


CLASSIFICATION 


BITUMEN 


SOIL 


CLASSIFICATION 


Soesess=o= 


ele |) Le Pe 
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20 30 


FRACTION OF SOIL WITH ¢ < 0.08 mal 

















CLAY LOAM FOR MECHANICAL STABILITY 
CEMENT FOR DENSITY ANDO COHESION 
BITUMEN FOR COHESION 







LIME: FOR POZZOLANIC STRENGTH 
Pf yf dG ALLOPHANES | LIME + GYPSUM | AND DENSIFICATION 
een CEMENT FOR EARLY STRENGTH 
LIME FOR WORKABILITY AND LATER STRENGTH 
niaaee CEMENT FOR EARLY STRENGTH 
LIME FOR WORKABILITY AND LATER STRENGTH 
eee oe FOR WORKABILITY AND EARLY STRENGTH 
LONITES 
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507 FIBERS AND MINERAL AGGREGATES 


Usage criteria applicable to soil stabilized with 


These criteria for fibreestabilized or mineral- = 
stabilized soils are accompanied by the maximum fibre and minerais exist. These were drawn up in EE 

compression rates to which the materials may be the forties as the result of prolonged laboratory G < 2 a a . = x = 
subjected and at which they can be used in all research on a very large number of samples. These 3 us oS A N =) A 3S 8 
safety. It may thus be observed that fibre~ laboratory observations were subsequently enriched ef - 

stabilized soils sheuld not be worked with at by a mass of practical construction experience. za - 

above 3 daN/em2 and that mineral-stabilized soils Since then these criteria have been successfully a 

have a limit of 5 daN/m2. These are the maximum applied to thousands of projects. Nevertheless, Z 

comoression rates. Certain soils may not be able these criteria were established in Germany, and 2 8 R g g 3 g g 


to achieve these rates. And thus the values given are above all applicable to the soils of that 
by the performance curve should not be interpreted region, which are of a loess-based silt sort. It 
as permissible values but as values which should is possible that these criteria can be be adapted 
to other soil types, but only after extensive 
verification. 


: 
= 


in no case be exceeded. 


1:4 -'1:3,5 
1:2 - 1:1,5| 





COMPRESSED 
BLOCKS 





: 
: 
2 
: 
= 
E 
= 
: 
5 


's2 = 121.5 





g max=60 mm | ¢ max=20 mm | Kg CINDERS/m? 


(1:1,.5} o0 
poe 
SS 





RENDERING NECESSARY 

AOD SAND AND TEST AGAIN 

ADD CLAY TO MORTAR 
EFFECTUATE PRELIMINARY TESTS 
EVENTUALLY 

NOT RECOMMENDED 


45 - 70 
45 - 70 


45 - 70 
45 - 70 


(20) 
22 - 23 


2g ° ¢* 
FIBRE LENGTH 
30 - 40 cm 


50 - 40 cm 


CAUTION : EACH EARTH LIMIT FOR EARTH 
SHOULD BE TESTED BUT STABILIZED WITH 
VALUES INDICATED HERE MINERAL ELEMENTS 
SHOULD NOT BE 
TRANSGRESSED 


COMPRESSED 
BLOCKS 


4-5 


STABILISATION WITH FIBRES 
(Kg/m? LOOSE EARTH) 


LIMIT FOR EARTH 
STABILIZED WITH FIBRES 


3-5 


: 
: 
= 
g 
: 
: 


(12) oo 


414) oo 





FIBRE LENGTH | FIBRE LENGTH | FIBRE LENGTH! FIBRE LENGTH 


150 200 270 | 


640 - MORE 


270 - 360 
360 - 480 
480 - 640 


COHESION T (cN/cm?) (g/cm?) | 


RESULTS OF 
COHESION TEST 
(cN/cm?) 
40 - 60 
60 - 80 
80 - 110 
110 - 150 
200 - 270 
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508 CEMENT 


eee eam 


Nearly all sofls, except those which have an 
excessive content of organic material can be 
treated with cement and thus undergo a sharp 
improvement in their properties. Salt-rich soils 
are also difficult to stabilize with cement, even 
$o, an increase in the proportion of cement can 
often bring good results. Soils which have a 
large clay fraction mix only with difficulty and 
require large quantities of cement. When the 
mixing process is very closely controlled under 
laboratory conditions good results can be achieved 
with clayey soils. i'n practice, however, cement 
is not used for stabilfzing clay when the liquid 
limit is higher than 50 and the clay content js 
higher than 30 % Preliminary treatment of these 
extremely clayey soils with hydrated lime may 
improve the likelihood of obtaining good results 
with cement added at later date. Numerous tests 
give indications regarding the suitability and 
proportion of cement. 


- ABRASION TEST: the proportion of cement should 
reduce material lossed to 3 % after SO cycles, 
which is an excellent performance. 


EROSION TEST: the proportion of cement should 


reduce the mean depth of holes to 15 mm - an 
excellent performance for this extremely severe 
test. * 


- WETTING-ORYING: an optimum proportion should 
reduce material losses to 10 % - an excellent 
performance for this extremely severe test. 


- FREEZE-THAW: an optimal proportion should 
reduce material losses to 10 %: an excellent 
performance for this excessively severe test. 


= SHRINK: (based on the Alcock test). 
Linear Shrink (mm) Cement : soil (vol.) 
Tess than 15 1: 18 

from 15 to 30 1: 16 

from 30 to 45 13 14 

from 4&5 to 60 1.212 


These values are applicable to soils compressed to 
to a maximum of 40 dAN/em?, The quantity of 
cement can be reduced to less than 30 % for soils 
compressed to 100 daN/cm?, 


- ORGANIC MATTER: 


When the pH ) 7 (alkaline or basic): calcareous 
soils, brown alkaline soils, and some gley soils 
can be stabilized with 10 % cement: rates of 
between 1 and 2 % of organic matter are in general 
not a problem. 

When the pH ( 7 (acid): gley soils can be success- 
fully stabilized with 10 % cement if the content 
of organic matter is less than 1 %. Podsols and 


acidic brown soils can sometimes be stabilized 


with success if they contain less than 1 % of 
organic matter. If anomalies are found to exist, 
preliminary treatment with calcium chloride (1 to 
2 %) may bring about a certain improvement. 


CEMENT REQUIREMENTS 
FOR VARIOUS SOILS * 
BY VOLUME (3) BY WEIGHT (3) 


GM, SW, SP, SM 
SM, SP 
SM, SC 
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* For most A horizon soils the cement should be increased 4 percentage points, if the soil i 
grey to grey, and 6 percentage points if the soil is black. 














NOTES ON REGIONAL SOILS 


QUANTITY OF PARTICLES 
PASSING SIEVE (2) 


2 0,2 0,02 0,002 


SIZE OF PARTICLES PASSING SIEVE (mm) 


The limits of the zones racommended are approximate. The tolerances permitted vary considerably. Pre- 
sent knowledge does not justify the application of narrow limits. 

It is admitted that many soils which fail, for one reason or another, to comply with the requirements 
have been found satisfactory in practice; all that is claimed fer the recommendation is that materials 
which comply with it are more likely to be satisfactory than those which do not, 

The zones are intended to provide guidance and are not intended to be applied as a rigid specification. 





PLASTICITY NOTES ON REGIONAL SOILS 


A LINE 


re 


PLASTICITY INDEX 


20 30 40 


LIQUID LIMIT LL (3) 
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307 LIME 





Lime has only a very limited effect on soils with 
a high organic matter content (content higher than 
20 %) and on soils short of clay. It fs more 
effective and can be more effective than cement on 
clay-sand soils and especially on very clayey 
soils. The effects of lime are thus highly depen- 
dent on the nature of the soils involved but a 
comparison with the effects of cement can, in many 
cases, be attempted. it has been observed that 
Time reacts far more quickly with montmorillonite 
clays than with the kaolinites, reducing the 
plasticity of the montmorillonites and having only 
a slight effect on the plasticity of the kaolin- 
ites. Water content has a significant effect -on 
clay soils which can be stabilized with lime, 
particularly. in the pulverization and compaction 
stage. Natural pozzolans react particularly well 
with lime. 

For the rest we may note that the proportions of 
lime quoted are for industrial quality lime 
containing between 90 and 99 % of quick lime. For 
lime produced by less sophisticated methods, which 
may contain only 60 % of quick lime (the rest 
being made up of unfired or over-fired compo- 
nents), the proportion must be increased. Below 
the two main methods of improving the performance 
of soil with lime are summarized: 

1 + Modification of the soil: the lime is added 
until a setting point is reached, This operation 
reduces the plasticity of the soil and improving 
its floceulation, 

Z = Soil stability: the proportions are much 
higher. Reference nomograms on the suitability of 
soils and the proportion of lime must be inter- 
preted with a great deal of reserve. 


CIME REQUIREMENTS FOR 
MODIFICATION (WT %) 


WELL GRADED CLAY GRAVELS 
SAND 

SANDY CLAY 

SILTY CLAY 

HEAVY CLAY 

VERY HEAVY CLAY 

ORGANIC SOIL 

GC, GM - GC (A-2-6, A=2-7) 
CL (A-6, A-7-6) 
CH (A-6, A-7-6) 
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Tests should be carried out only after allowing a 
curing period of 3 months. 


- ABRASION TEST: the proportion of lime should 
reduce material lost to 3 % after 50 cycles - an 
excellent performance. 


- EROSION TEST: the proportion of lime should 
reduce the mean depth of holes to 15 mm - an 
excellent performance for this extremely severe 
test. 


- WETTING-DRYING: the proportion should reduce 
material losses to 10 % - an excellent performance 
for this extremely severe test. 


- FREEZE-THAW: the proportion of lime should 
reduce material losses to 10 %: an excellent 
performance for this excessively severe test. 


- COMPRESSION STRENGTH: the reactivity of soils 
containing lime was determined by Thompson fn 
1964. The soils are stabilized with the optimal 
proportion of lime; the increase {fn compression 
strength after curing for 7 days at 23°C is 
defined as the reactivity of the soil with the 
limes 


Group Increase Reactivity 
(daN/em? ) 

1 1 non-reactive 

2 1 to 3.5 non=reactive 

3 3.5 to 7 reactive 

& 7 to 1.05 reactive 

5 1.05 and more reactive 


This makes it possible to decide quickly if 
further testing is justified. 


LIME REQUIREMENTS FOR 
STABILIZATION (WT %) 


3 AND OVER 
NOT REC 
3 AND OVER 
2-4 
3-8 
3-8 
NOT REC 
2-4 
3 - 10 
3-8 




















NOTES ON REGIONAL SOILS 


D = 20 may | n = 0.25 


il 


QUANTITY OF PARTICLES 
PASSING SIEVE (3) 


200 20 2 0,2 0,02 0,002 


SIZE OF PARTICLES PASSING SIEVE (mm) 








The limits of the zones recommended area approximate. The tolerances permitted vary considerably. Pre- 
sent knowledge dees not justify the application of narrow limits. 

it is admitted that many soils which fail, for one reason or another, to comply with the requirements 
have been found satisfactory ‘in practice; all that is claimed for the recommendation is that materials 
which comply with it are more likely to be satisfactory than those which do not. 

The zones are intended to provide guidance and are not intended to be applied as a rigid specification. 


PLASTICITY NOTES ON REGIONAL SOILS 
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20 30 40 


LIQUID LIMIT LL (3) 
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510 BITUMEN 
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Although clayey soils have been successfully 
treated with cutback or hydrocarbon emulsions, 
stabilization with hydrocarbons is more suitable 
for sandy soils or sandy<gravel soils, for soils 
lacking in cohesion or when an impermeable finish 
is particularly desired. With extremely clean 
sandy soils, the low adhesion of the bitumen to 
the surface of the silicaceous particles can lead 
to the separation of the bitumen under the action 
of water, with the result that the stabilizing 
effect of the bitumen on the soil is considerably 
reduced. Moist soils are in general not suitable 
for bitumen stabilization, because of the difficul- 
ty of mixing the hydrocarbon with the soil. 


- SOLUBLE SALTS: their presence in a soil is 
likely to lead to the deterioration of the soil as 
@ result of the successive hydration and dehydra- 
tion of the soil. Salts moreover have a tendency 
to cause efflorescence. Furthermore, in the 
presence of a stabilizer such as bitumen, they can 
be very harmful to the binding films between the 
bitumen and the clays. The presence of salts in a 
soil which can be stabilized with a bitumen should 
preferably not exceed 0.25 %. 


- PROPORTIONING: the !tHT (California, USA) 
makes recommendations for adobe which involves 


carrying out tests by progressively increasing the 


bitumen content as follows 


Cutback: 2 %, 3 %, 4%, 5S % 
Emulsions 3%, 4 %, 5 %, 6 %. 


5 
$ 
ae 
= 
3 


 < 0.08 mm (3) 
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Each test is carried out on 3 to 4&4 samples which 
are tested for compression and bending strength, 
and for erosion resistance until satisfactory 
results are obtained. The [IIHT also points out 
that excessively clayey soils requiring more than 
3 % of cutback or 6 % of emulsion are not suitable 
for making adobes because of their marked shrink. 
For emulsions the following figures may be given: 
High sand content soils: 4 to 6 % 

Low sand content soils: 7 to 12 % 

Clayey soils: 13 to 20 % 

The percentage is for the hydrocarbon itself and 
not for the suspending liquid. 


- CHOOSING THE BI TUMEN 


Fraction with Moist Soil Dry Soi! 
grains of with more than with less than 

6 ( 0.08 mm 5S % water 5 % water 
0 to 5 % $S - th CNS - 2h 
(CSS = th) (SS - 1h*) 

5 to 15 % $S-1, SS-th CMS = 2h 
(CSS-1, CSS-th) (SS = Th*, 

SS = Th*) 

15 to 25 % SS = th CMS - 2h 


(CSS = 1h) 


* The soil must be wetted in advance. 


APPROXIMATE 
EFFECTIVE RANGE OF 
CATIONIC EMULSION 


APPROXIMATE 
EFFECTIVE RANGE 
OF ANIONIC EMULSIONS 


ALKALINE OR ALKALINE EARTH CONTENT (3) 


ey 














NOTES ON REGIONAL SOILS 


D = 20 mm mn = 0.25 


QUANTITY OF PARTICLES 
PASSING SIEVE (2) 


2 0,2 0,02 0,002 


SIZE OF PARTICLES PASSING SIEVE (mm) 


The limits of the zones recommended are approximate. The tolerances permitted vary considerably. Pre- 
sent knowledge does not justify the application of narrow limits. 

It is admitted that many soils which fail, for one reason or another, to comply with the requirements 
have been found satisfactory in practice; all that is claimed for the recommendation is that materials 
which comply with it are more likely to be satisfactory than those which do not. 

The zones are intended to provide guidance and are not intended to be appiied as a rigid specification. 


NOTES ON REGIONAL SOILS 





PLASTICITY INDEX 


LIQUID LIMIT LL (9%) 
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600 TESTS | 


Soil can be subjected to numerous tests, the majority of 
which are not standardized, nor even regulated. From the 
engineering and scientific point of view, it is always 
interesting to submit a soil and earth construction 
materials to the widest possible of series of analyses, 
tests and trials. It should, however, not be forgotten 
that the main object is to use the material for construc- 
tion and not to carry out as many analyses and tests as 
possible. Analysis and trial procedures will therefore 
be kept to the minimum required to ensure that the soil 
will behave well in the finished structures. 


With this in mind, and with the acquisition of know-how 
and experience, careful observation of environments built 
in earth and the lessons drawn from them, make it pos- 
sible to shorten painstaking analysis procedures, espe- 
cially as these can consume large amounts of time and 
money. 


When in doubt, though, carrying out tests is strongly 
recommended. 
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Earth is a material which can be analyzed and 
tested by means of six basic test. series. The 
application of each component of this screening 
process is, however, not always necessary. It is, 
indeed, possible, depending on the soil being 
analyzed, the ease with which it can be character- 
ized, the conditions under which the work is 
carried out, and the experience of the user or 


Q builder, to ignore one or other test series. Ali 


the analyses, tests and trials described below can 
be carried out with sophisticated laboratory 
apparatus as well as with smaller and lighter 
equipment suitable for on-site use. It will be 
noticed that many of the individual tests describ- 
ed are common to several test series. It is 
moreover not necessary to repeat these tests, 
although the results obtained must be differently 
interpreted according te the series in which they 
are included. To take an example, in the tests 
grouped under the heading “Development Tests" the 
object of the freeze-thaw test is to show that the 
material analyzed (stabilized compressed brick) 
can withstand the required minimum of 12 test 
cycles, as required by the most frequently applied 
standards. For the “Performance Tests" on the 
other hand, the material is tested to see, for 
example, if it can stand up to 17 freeze-thaw 
cycles. Passing this test shows that the material 
is of a high quality and suitable for use in very 
severe conditions. At present very few countries 
have developed standards for analyses and tests 
specifically suited to soil. Use is thus usually 
made of tests originating in other disciplines, 
such as concrete construction materials, road 
savements, etc. These standards are not neces~ 
sarily suited to earth. It is thus advisable when 
adopting these standards to be flexible about 
their strict application. Similarly the resuits 
should also be regarded with some degree of 
tolerance as it is generally acknowledged that 
they are extremely severe, as fis the case for 
example with the durability tests, and rarely 
correspond to the realities of their use, except 
in specific circumstances. A few examples with 
respect to compressive strength illustrate this 
very well, The same appiies to many of the tests 
listed here, 


EXAMPLE 


The compressive strength test must be carried out 
at a moment when the quality of the material is 
representative of the normal state of the mater-~ 
ial. This is why the ultimate compressive 
strength of 4 sample cement-stabilized soil cube 
is measured after a period of 28 days, as this 
curing period {s long enough to allow it to be 
assumed that the cube has reached or is approach~ 
ing its ultimate strength. In fact this period is 
suitable for concrete of cement blocks, which 
reach 80 to 90 % of their ultimate strength within 
28 days. « Cement-stabilized soil, however, reaches 
only 60 to 70% of its ultimate strength in the 
same period. If the soil fs stabilized with lime 
this peried is by no means long enough, the cube 
must be allowed to cure by at least another 3 
weeks if incorrect comparisons and interpretations 
are to be avoided. 
td 

On the other hand, it is perfectly acceptable to 
carry out compressive tests on CINVA module sot! 
bricks (29.5 x 14 x 8.8 cm) by crushing them flat. 
Some standards permit this procedure. The advant- 
ages of crushing the material flat are that the 
test is representative of the load exerted on the 
brick in the wall, that ordinary production sam- 
ples can be used, and that fit is not necessary to 
place two bricks on top of one another bound by a4 
mortar as is usually the case in standard versions 
of this test. Taking the Belgian Standard NBN 
8/24/201 on this subject, it can be seen that 
CINVA bricks have a height to short side ratio of 
8.8/14 = 0.63, which is higher than the limit 
coefficient of 0.55. The results obtained can 
therefore be compared to those obtained for other 
masonry elements. and even with those obtained on 
20 cm cubes of the same material. For compressed 
material measures of compressive strength must be 
carried out in the same direction as the material 
was compressed in, Indeed if the measurements are 
carried out at right angles to that direction the 
values obtained may be between 25 and 45 % lower, 
totally falsifying reality. 
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602 IDENTIFICATION AND DEVELOPMENT TESTS 


IDENTIFICATION ANALYSES 


The object of these analyses is to determine the 

characteristic of the basic materials with view to 

obtaining greater insight into the behaviour of 

the finished product. Once these characteristics 

are known the possible uses of the material can be 

envisaged, by making using of tables, nomograms, 

and rules governing decision-making. The identi- 

fication analyses are as follows: 

- Visual Identification, 

- Tests guided by sensory perception. 

Natural Moisture Content. 

Grain Size Distribution, 

Sedimentation. 

Sand Equivalence. 

Limit of Liquidity. 

Limit of Plasticity. 

Limit of Adsorption. 

Limit of Shrinkage. 

Bulk Shrink. 

Linear Shrink, 

Proctor Tests. 

Bulk Density. 

Apparent Bulk Density. 

Wet Tensile Test, 

- Wet Shear Test. 

- Water Content after Orying. 

« Ory Colour and Wet Colour. 

Dissolution in Water. 

Mineralogical Identification. 

Specific Area. 

Emerson Test. 

Pfefferkorn Tests. 

» Quantity of organic material and humus. 

~ Nature of organic material and humus. 

« Iron Oxide Content. 

« Magnesium Oxide Content. 

« Calcium Oxide Content. 

« Carbonate Content. 

« Sulphate Content. 

+ Soluble Saits Content, 

« Insoluble Salts Content. 

- Loss due to burning, 

« pH, 

» This list is merely indicative and not intended 
to be exhaustive, 
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CAUTION 


DEVELOPMENT TESTS 


These tests are used to ensure that a good construc~ 
tion material is obtained, after the basic mater- 


fails have been identified. 


The tests determine 


the parameters which must be respected when the 


product is mixed and produced. 


The parameters 


also serve as a reference for when carrying out 
the analyses and tests prior to approving the 
products. The development tests are as follows: 


Grain Size Distribution 
Sedimentation 

Sand Equivatent 

Limit of Liquidity. 

Limit of Plasticity. 

Bulk Shrink, 

Linear Shrink, 

Prector Tests. 

Bulk Density. 

Apparent Bulk Density. 
Minimum Wet Weight. 

Minimum Ory Weight. 

Voids Ratio, 

Water Content after Drying. 
Degree of Pulverization. 
Penetration Tests. 

Wet and Dry Compressive Strength. 
Tensile Strength 

Bending Strength 

Shear Strength 

Poisson's Ratio 

Young's Modulus (Elasticity) 
Swell. 

Ory Shrink 

Thermal Expansion and Thermal Shock. 
Permeability. 

Water Adsorption, 

Frost Susceptibility. 
Efflorescence. 

Erosion, 

Abrasion. 

Fire Resistance, 

Compatibility with Mortars. 
Compatibility with Renderings. 
This list fs merely indicative and not intended 
to be exhaustive, 


The following tests are extremely severe and should only be considered for use with tried stabilized 
materials which are to be used in very exacting circumstances. Their use will therefore be infrequent. 
It is quite pointless to apply these test procedures to tried non-stabilized materials intended for 


relatively normal and inexacting conditions of use. 
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WETTING AND DRYING TEST 


The procedure described corresponds to that laid 
down by ASTM D 599 and AASHO T 135. 


After a period of storage of 7 days in an extreme- 
ly moist atmosphere, the samples are totally 
immersed in water at the same temperature as the 
laboratory for a period of 5 hours.’ After this 
period the samples are removed from the water and 
dried in an oven or cabinet at a temperature of 
71°C for a period of 42 hours. After drying the 
samples are to be withdrawn from the oven and the 
brushed one by one. The brushing fs to be carried 
out with a brush composed of metallic fibres and 
serves to remove ail the fragments of the material 
affected by the wetting and drying cycles. The 
brushing is to be firm and is to be carried out on 
each surface of the samples, in both directions 
(e.g. top to bottom), for a total of 18 to 25 
brush strokes. The foree applied during brushing 
is to be of the order of 1.5 kg. The procedure 
described above constitutes one 48 wetting-drying 
cycle. The samples are then immersed once again 
in the water and subjected to a further wetting- 
drying cycle. The procedure is repeated for 12 
cycles. If the test must be interrupted (e.g. 
weekends), the samples are to be stored in the 
oven or cabinet. After twelve test cycles the 
samples are to be dried at 110°C until a constant 
dry weight is obtained. The weight loss with 
respect to the initial weight is then calculated. 
When the samples have been stabilized with lime 
the wettingedrying test are performed after a 
curing peried of one month. This test its con- 
sidered as being extremely severe. 


EROSION 


This test creates a standard artificial rain on 
the face of the sample block assumed to be exposed 
to the rain. Spraying is provided by a pump which 
maintains a constant pressure of 1.4% daN/em? 
connected to a 10 cm diameter sprinkler rose or 
shower head at a distance of 20 cm from the biock 
under test. The pressure of the spray is monitor- 
ed by a manometer. The spray is heid for a period 
of 2 hours at right angles to the Block. Subse- 
quently the depth of the holes in the block are 
measured. The. depth of the 18 deepest holes in 
each block {is then averaged and is recorded as 
Pmm. The results of this test are no more than 
indicative, The appearance of mild erosion or 
pitting on a block of stabilized soil should not 
necessarily be interpreted unfavourably. 


FREEZE = THAW 


The procedure described below is the same that 
described by ASTM D 560 and AASHO T 156. 


After storing in an Sxtremely moist environment 
for a period of 7 days, the samples are placed on 
an absorbent material which has been saturated 
with water, and then put into a refrigerator, at a 
constant temperature of no more than - 23°, for a 
period of 24 hours and then removed. The samples 
are thawed in a moist environment (RH 2 100%) at a 
temperature of 21°C for a period 23 hours and then 
removed. During this thaw phase the samples must 
absorb water by capillarity (from the absorbent 
material). The samples are then brushed in 
accordance with the procedure used in the wetting=- 
drying test. The test is continued for 12 freeze- 
thaw cycles, the sample being returned to the ab- 
sorbent material between each cycle. Some samples 
made of silty or clayey material may scale, par- 
ticularly after the sixth test cycle. Care will 
be taken to eliminate this scale so that brushing 
is not hindered. If the test must be fnterrupted 
(e.g. at the weekend), the samples should be 
stored in the refrigerator. After 12 test cycles, 
the samples are dried in an oven at a temperature 
of 110°C until a constant weight is obtained. The 
weight loss with respect to the original weight is 
then calculated. This test is considered a being 
extremely severe. 


ABRASION 


The blocks are tested dry. A metal brush weighted 
te 6 kg is used te scrub the face of the block ex- 
posed to the rain (according to the way the ma- 
sonry is bonded). A single back and forth motion 
of the brush is regarded as one cycle of abrasion. 
Brushing is continued for fifty cycles. The 
measurement consists of weighing the material 
detached by the brushing. The dry weight of this 
material is recorded per square cm of brushed area 
in order to obtain a test result which is indepen- 
dent of the shape and size of the block. Blocks 
stabilfzed with cement or bitumen are tested after 
a curing period of 28 days, while those stabilized 
with lime are tested after a curing period of 3 
months. 
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603 PERFORMANCE AND CHARACTERIZATION TESTS 


PERFORMANCE TESTS 


The purpose of these tests fs to check the perfor- 

mance observed in the laboratory for the mater- 

ials, by testing them under simulated conditions 

of use or in structural systems. This is a matter 

of testing the behaviour of walls or other struc- 

tural elements as they would be in a structure. 

The most practical performance tests are the 

following: 

~ Wet and dry tensile strength. 

- Wet and dry bending strength. 

. Transverse pressure strength. 

. Lateral pressure strength. 

. Impact strength (soft body). 

. Resistance to seismic tremors. 

- Loading of vaults, domes, and arches. 

. Loading of beams and lintels. 

. Buckling. 

. Flow. 

. Poisson's Ratio. 

~« Young's Modulus (Elasticity) 

« Swell and Dry Shrink. 

. Passage of Water. ; 

. Capillary Rise 

» Water Erosion, 

. Wind Erosion. 

. Freeze-Thaw 

. Thermal Expansion, 

« Adhesion of Mortar to Blocks. 

- Adhesion of Renderings to Walls. 

» This list is merely indicative and not intended. 
to be exhaustive. 


136 


CHARACTERIZATION TESTS 


The purpose of these tests is to determine certain 

physical properties of the building materials. 

Some of these properties make it possibie to cal- 

culate the thermal performance of the building, 

for example, or to evaluate the aging performance 

of the building structures, or to make statements 

about the likely comfort, and general safety. The 

main characterization tests are listed below: 

. Compatibility with Renderings. 

~ Compatibility with Mortars. 

Fire Resistance. 

Coefficient of Conductivity. 

- Specific Heat. 

. Thermal Bufféring Coefficient. 

. Thermal Storage Coefficient. 

. Thermal Effusion and Diffusion. 

- Thermal Shrink. 

. Susceptibility to Frost. 

. Water Absorption. 

. Permeability. 

. Capillarity. 

« Dery Shrink. 

« Bulk Shrink. 

« Linear Shrink. 

» Water Content after Drying. 

. Bulk Density. 

. Colour. 

- surface Texture. 

» Radiation and Nuclear Protection. 

» This list is merely indicative and not intended 
to be exhaustive. 





COMPRESSIVE STRENGTH 


The conventional presses found in test labora- 
tories are suitable for the dry compression of 
material samples. If, for example, the tester 
wishes to crush stabilized compressed bricks of 
the high performance CINVA type he should use a 
press capable of testing bricks up to at least of 
100 daN/cm?, or a press which can achieve 400 KN. 
In the field it is possible to construct small 
presses using small steel beams or even with a 
lorry jack. This site equipment should, if 
possible, be fitted with a manometer so that the 
force applied to the sample can read off directly. 
if mo manometer is available a dynamometric 
comparator may be used. However, this sort of 
apparatus is somewhat fragile and use must be made 
of small samples. Small lever presses in metal or 
wood can also be made. The force applied by such 
lever presses. cannot be made very high, which 
means that the samples must be special prepared 
(cylinder or cubes with a side of 5 cm). The 
preparation of samples of rammed earth, cob, or 
adobe does not pose many problems, but when 
compressed blocks require testing they must be 
sawn in order to obtain 2a small enough sample. 
Unfortunately structural damage can be expected. 
Another solution. is to make special samples but 
there ts a‘danger that they are not representative 
of the compressed bricks under test. 


TENSILE STRENGTH 


This can be measured using a procedure developed 
by the |.1.H.T in California (USA). A sample soil 
brick is placed (on one of its large faces) on 2 
tubes with a diameter of 2.5 cms which have been 
set 20 cms apart and perpendicular to the longi- 
tudinal axis of the brick. Another identical tube 
is placed on the upper surface of the brick paral- 
lel to the short side. This tube is surmounted by 
a balanced plate which is then carefully loaded 
with bricks at a rate of 250 kg per minute, unti! 
the brick under test breaks. The intention {is not 
to learn the exact strength tut to see that it ex- 
ceeds a certain predetermined threshold. The ten- 
sile strength in daN/em? is given by: 


1.5 x 20 cm x (load in kq) 
ot = 


(width of block in cm) x (thickness in cm)? 
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605 LABORATORY EQUIPMENT 


Grn ee ee SS a SS SS a Pe a a ee ee 


The analyses, tests, and trials for earth cone 
struction can be carried out with the standard 
apparatus of laboratories equipped for civil 


engineering, soil science, or even building. 


These tests require very little special equipment. 
The main materials, tools and products discussed 
are useful but not all essential. A well-equipped 
laboratory for this work can be had for an invest- 
ment in the region of $ 50,000. This investment 
can, however, be reduced to $5,000, and this 
would be enough to obtain the right basic equip- 
ment. This investment can be reduced even further 
by adopting simple and practical analysis proce- 
dures, on-site tests and trials. 


PROSPECTING = 


» Soil Auger, 80 mm diameter. 

» Auger Extension Rods, 1 metre long. 
» Torsion Laver. 

o Three Ton Hand Jack. 

- Tarpaulin, 

» shovel. 

» Spade. 

o Pick. 

« Geologists Hammer. 

« Comparative Chart for Soil Colours. 


GRAIN SIZE DISTRIBUTION 


e Complete Set of Standard Sieves, maximum dia- 
meter 60 cm. 

0 Sieve Bottom 

- Sieve Cover. 

- Sieve Stand 

- 500 mi Washing Bottle. 


SEDIMENTATION 


- Manual Agitator for 1,000 ml Sample Jar 
« 995 - 1050 g/1 Hydrometer 


PROCTOR 


- Proctor Mould with Stand. 
- Levelling Scraper. 
- Compacting Tamper. 


e 


ATTERBERG 


- Complete Casagrande Apparatus. 

« Smooth and Rough Cups. 

« Flexible Straight Spatula, 150 mm. 
- Casagrande Grooving Tool. 

~ A.S.T.M. Grooving Tool. 

- Marble Stab, 45 x 30 x 3 cm, 

. Cat's Tongue Trowel, 12 cm long. 

« Plasticity Gauge, Diameter 3 mm. 


COHESION 


- Mould, 

. Tension Rings. 

- Bracket. 

« Sand (for ballast). 


STRENGTH 


- 400 KN Press. 

. Table for Cleaving Tests. 

» Tensioning Machine. 

-« 501 Planetary Mixer. 

. Cube Moulds. 

- Cylindrical Moulds. 

. Pocket Needle Penetrometer, 
» 5 * 80 daN/em* Scieroscope. 


SHRINK 


. Alcock Shrink Mould, 
» Shrinkage Cup, Diameter 50 mm, 415 mn, 


eS 
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DURABILITY 


Refrigerator, ~- 30°C... 

Wire Brush. 

10 cm Diameter Sprinkler Rese. 
Manometer . 

Pump. 


. Sprinkler Nozzle. 


CHEMICALS 


Hydrochloric Acid. 

Nitric Acid. 

Oxalic Acid. 

Barium Chloride. 

Potassium Chromate. 

Lime. 

Distilled Water. 

Sodium Hexametaphosphate. 
Universal pH Indicator Paper. 
Universal pH Indicator Ethanol. 
Milk of Lime. 

Phenol phtalein. 

Potassium Hydroxide. 

Methyl! Red. 

Sodium Hydroxide. 


MISCELLANEOUS APPARATUS 


Portable pH metre. 
Hygrometer. 


. Contact Thermometer. 


o * a . * « 2 es 


Atmospheric Thermometer = 10/+80°C. 
Penetration Thermometer. 
Microscope. 

Calibrated Magnifying Class. 

20 kg Balance. 

10 kg Hanging Balance for Field Use. 
1g to 7 kg Balance. 

Q.1 g to 500 g Balance. 

6.001 g to 100 mg Balance. 
Chronometer 1/5 secs. 

Timer. 

Alarm Clock, 

Dial Comparator 1/100. 

Sliding Stand. 

120° Orying Cabinet. 


ce ry, Be a a TS SS ESS SE BIE ET SE EEE ET Pe ESE I a SS 


MISCELLANEQUS EQUIPMENT 


» 2 Litre Glass Flasks, diameter 12 to 15 em. 
« Flask Covers. 

» Pans. 

- 20° Litre Polyethylene Barrel. 

. Burette. 

. 70 cm of Rubber Tubing, diameter 0.5 cm. 
- Pyrex Recipients, 400 ml and 2000 mi. 

-« Test-tubes 1,000 mi. 

» Testetubes 500 ml. 

. Test-tubes 100 mi. 

. Rubber Corks for Test-tubes. 

. Funnel, diameter 140 mm. 

- 10 litre Polyethylene Sacks. 

« 10 litre Jute Sacks. 

« 12 litre Containers. 

© Heating Plate. 

© 2 litre Mortar. 

e Hard Pestle. 

. Rubber Pestle. 

« Labels. 


MISCELLANEOUS TOOLS 


-, Asbestos Gloves. 


» small Scoop. 

« 150 mm. Flexible Straight Spatula. 
« 16 mm Square Trowel. 

» Rigid Straight Spatula. 

« Stainiess Steel Ladies, One Large, One Small. 
. Stainiess Steel Laboratory Spoon. 
« 960 g Hammer, 42 x 36. 

« 300 mm Chisel. 

- Knife. 

- Ruler. 

. Folding Rule. 

. Pincers. 

. Other Smal! Tools. 
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700 CHARACTERISTICS 


One of the main problems of earth construction appears to 
be the lack of standard criteria which make it possibile 
to come to an accurate evaluation of the finished mate- 
riai. 


This absence has a number of harmful consequences as it 
has not only @ negative influence on potential owners and 
decision-makers, but also on financial backers, because 
when considering investment in earth structures they have 
no guarantee of the tachnical quality of the buildings, 
particularily with respect to their durability beyond the 
pericd of the ican. 


At long iast, however, this tack of descriptions of the 
characteristics of the material and total absence of 
standards is slowly being remedied. In recent years 
numerous research efforts and experiments have made it 


‘possible ta make a fairly good characterization of soil 


as a buiiding material. Furthermore several countries 
have drawn up valuable standards. 
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701 EARTH AS A CONSTRUCTION MATERIAL 





PERFORMANCE OF BUILDING MATERIALS 


300 | 











D BLOCKS 





ZED BI 
RED 





LIME STaBILT> 
AUTOCLAVE cy 


T (daN/cm?) 





COMPRESSIVE STRENGTH 





STRENGTH REQUIRED BY DOWNWARD LOADING 
1 daN/cm? 





- single-storey dwellings 


SAFETY COEFFCIENT 
- variation in preduction quality 

- variation in construction quality 

- accidental excess loading 





REDUCTION COEFFCIENT 
- nature of the material 
- strength of the mortar 
- buckling of the wall 

- methed of loading 









SATURATION COEFFICENT x 
- ratio cf wet strength to dry 
strength , 








TOTAL x 24 


¥ 28 = 24 daN/cm? 
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Whenever the subject of the quality of soil as a 
construction material is brought up, it is almost 
immediately followed by the subject of compressive 
strength. it is generaliy agreed that earth is a 
Neavy material with a iow compressive strength. 
Numerous soil materials fall within the same order 
of compressive strength and behave in the same way 
as lowestrength concrete. Soil can, in fact, be 
considered as a kind of lean concrete. Pursuing 
the comparison with other materials, we may say: 

- The lowest quality sof] products have little 
strength for a much higher specific gravity than 
conventional mineral materials. 

-.Qver a wide range of strengths, soil materials 
are comparable to conventional mineral materials. 
~ Soil is capable of extremely high performance. 
Research conducted at the ICAM in Lille, France 
has established that autoclaved time-stabilized 
soil products (250°C at 16 atm) have a compressive 
strength of 900 daN/em*. Strength jumps to 2,000 
daN/cm? when the material is processed in a drying 
oven (350°). Indeed it {s possible to obtain 
extremely high strengths by means of a number of 
processes (including compression, stabilization, 
and oven-drying). The question arises, however, 
of whether such performances are necessary. With 
single-storey dwellings or two-storey dwellings 
the downwards thrust jis of the order 1 to 2 
daN/em?, Itisthus pointless to use materials with 
strengths approaching 100 daN/em? and. more. 
Nevertheless, 1 daN/cm* {is not enough as there are 
other problems apart from the simple performance 
of a building brick or a structure. Thus a safety 
coefficient of between 20 and 30 jis considered 
desirable. A safety factor of between 20 and 
25 daN/cm? is generally regarded as being large 
enough to satisfy the requirements of most modern 
standards, and, when brick production is carefully 
monitered, 10 - 15 daN/cm? can be regarded as an 
absolute minimum which can guarantee adequate 
strength, particularly with respect to handling. 
The second requirement of sofl used for construc- 
tion purpose is that it can stand up to water. 
Conventional tests used on other materials (wet- 
ting and drying, spraying, total or partial 
immersion, and freezing and thawing have been 
adopted for soil without modification. Conse- 
quently the rasuits obtained in the Jaboratory do 
net always agree with those observed in actual 
practice. These results are for isolated samples 
and not for walls or full-scale structures. 

In 1974 fin Bourkina Fesso the EIER developed some 
comparative data on theoretical test and practical 
performance, The results -clearly show that the 
erosion test for unrendered walls in stabilized 
soil is “very severe compared with the behaviour 


of controi walls exposed to the vagaries of the 
weather over a three year period". The erosion of 
an exposed wall is insignificant compared with the 
erosion observed in the test. The durability ef 
earth as a censtruction material is its best 
quality. This can expressed in terms cf resis- 
tance to the weather (rain, frost, wind; and the 
use to which it fs put (behavicur of the inhabi- 
tants, animals, and so on). Theoretica! tests do 
not allow for the complexities of the situation. 
4 simple sun-baked adobe dces rot stand up to 
these laberatory tests; after immersion {it may 
have a mean compressive strength of 5 to 10 
daN/em?, or disintegrate completely, eliciting a 
harsh verdict: unserviceable material. However, 
ehe same bricks are usec to construct multi-storey 
cufldings in the Yemen and reservoirs in Iran. Gn 
the other hand, the thseretical durability of many 
modern materials is far higher than what is 
ebserved in reality. Escimaces of tha duraoility 
cf a materia! cannot be based on a simple extrapo- 
lation rom theoretical tests alone, the serfor- 
mance of the structure must also be taken fnto 
account . in this respect, the centuries-old 
buildings which are still standing in countries 
arcund the world bear witness to the lasting 
qualities of soil as a construction materiai. In 
the present context, however, an attempt must be 
made to quantify the properties of sei!. While 
figures may not be of overriding importance for 
small structures, they serve as a point of depar- 
ture for decision-making bodies, financial insti- 
tutions, insurance companies, architects and 
contractors. The construction industry would be 
well-advised to refrain from hasty interpretations 
besed on the theoretical and scientific data which 
fail to take full account of reality, 


DURABILITY OF COMPRESSED BLOCKS AS A FUNCTION OF 
STABILIZATION, PLASTICITY, AND TEXTURE 


DEPTH OF HOLES AFTER SPRINKLING TEST 
P (mm) 
un 





30 piso ASsSpt=20 AL 








20 


0.2 9.1 0.05 0.02 0.0% 





6.5 





AVERAGE DIAMETER OF GRAINS 


d 50 (mm: 


QURABILITY OF MATERIALS 


MATERIALS 


MODE RN 
SOPHISTICATED 


iL] a 


EARTH 


PREDICTED ACTUAL. 
DURABILITY DURABILITY 
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702 MECHANICAL PROPERTIES 











PROPERTIES 


; 
" 
co 


28 DAY COMPRESSIVE STRENGTH 
* (+ 40 % after 1 year, + 50 % after 2 years) 






T 28 | daN/em*] > 120 50 20 | ABOUT 


120 30 20 
28 DAY WET COMPRESSIVE STRENGTH 


T 28 | daN/em?}] > 20 10 ) 
(24 h in water) 20 10 
28 DAY TENSILE STRENGTH ~ T 28 | daN/cm?7] >» 20 10 5 
(Brazilian method) 20 i0 
28 DAY TENSILE STRENGTH T 28 | daN/cem?f > 20 10 5) 
(on a core) 20 10 
Tt 28 | daN/em7}] > 20 19 ABOUT 
20 
1% 28 | daN/em?} » 20 “10 ABOUT 
20 
0.15 0.35) > 0.5 
0.35 0.50 
daN/cm? 7 000 
70 000 
Kg/m> |> 2 200| 1 700 1 200] <1 200 
2 200 1 700 
a 5 


The values given above are the result of research conducted in laboratories by and by recognized author- 
ities. They give an idea of what can be reasonably expected of a product made in accordance with the 
rules of the art. 


















28 DAY BENDING TEST 










28 DAY SHEAR TEST 


POISSON'S RATIO 
YOUNG'S MODULUS 


APPARENT BULK DENSITY 


| 












UNIFORMITY OF DIMENSIONS 
(individual finished products) 


EXCELL POOR 


Oo © 
6 
oot, 
A 





- 1 - Compressed at 20 daN/cm? - 6 - Compressed to 90-95 % Proctor Standard 
° 2 - Stabilized with 8% cement - 7 + Ditto stabilized with 8 % cement 
Compressed at 20-40 daN/cm? - 8 - Hollow products weighing 1,100 kg/m? 
“3 - Stabilized laterite with 12 to 19 % lime - 9 - Double~face on wattle 
Compressed at 300 daN/cm? - 10 ~ 600 to 800 kg/m? 
Auteclaved at an RH of 95 % and at 90°C - 11 © Indicate values in your region 
- 4 = Sand-moulding method ~ 12 - Indicate values in your region 


- 5 - Stabilized with 5 to 39 % bitumen emulsion 
a 
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I it ill Iv Vv 
COMPRESSED SLOCKS ADCBE RAMMED EXTR, DAUB 
EARTH BRICKS 
4 3 6 7 8 9 
RAW STA RAW STA STA RAW 





RAW STA STA 














ee] | tt deb ft ppp. 
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703 STATIC PROPERTIES 


CLASSES 


RESISTANCE TO TANGENTIAL IMPACT BY A SOFT BODY 
(initial height of a 27 kg sandbag vertically 
suspended from a point above the wall) 


RESISTANCE TO CRUSHING BY AN ECCENTRIC LOAD 
(reduction coefficient for walls with a forward 0.40 0.30 0.20 
height to thickness ratio of 7 to 8. 50 cm wall) 0.50 0.40 0.30 


BENDING STRENGTH 
(uniform horizontal pressure - wind) 


RESISTANCE TO LOCALIZED HORIZONTAL THRUST 
(pressure due to a 2.5 cm diameter disc - 
walls h = 2.5 m, L = 1.20 m, b = 30 cm 


wee 


COEFFICIENT OF THERMAL EXPANSION mamn/m?C 7 < 0,016 


The values given above are the result of research conducted {n laboratories by and by recognized author- 
ities. They give an idea of what can be reasonably expected of a product made in accordance with the 
rules of the art. 


- 1 = Compressed at 20 daN/em? - &6 - Compressed to 90°95 % Proctor Standard 
- 2° Stabilized with 8% cement - 7 - Ditto stabilized with 8 % cement 
Compressed at 20-40 daN/em? - 8 - Hollow products weighing 1,100 kg/m? 


- 3 + Stabilized laterite with 12 to 19 % lime 
Compressed at 300-daN/cm* 
Autoclaved at an RH of 95 % and at 90°C 

-~ 4 = Sand-moulding method 

- 5 - Stabilized with 5 to 9 % bitumen emulsion 


SI a a ee 


- 9 - Double-face on wattle 

- 10 = 600 to 800 kg/m 

© 11 * Indicate vaiues {n your region 
© 12 - Indicate values in your region 
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I 
COMPRESSED BLOCKS 





{il IV v VI VIZ VIIr 
RAMMED EXTR. DAUB STRAW BURNED | CEMENT 
EARTH BRICKS CLAY BRICKS | BLOCKS 

Z 3 4 3 6 7 8 9 10 i. 
STA STA RAW STA RAW STA STA RAW STA | 
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704 HYDROUS PROPERTIES 


aa = 


I Il iil IV V : Vit VIII 
COMPRESSED BLOCKS ADOBE RAMMED EXTR. CAUB BURNED | CEMENT 
EARTH BRICKS 












BRICKS | BLOCKS 


PROPERTIES | 


SWELL 
(immersion until saturated) 


POTENTIAL SHRINKAGE 
(artificial drying) 


SHRINKAGE- DUE TO DRYING 


PERMEABILITY 


WATER ABSORPTION OF THE SURFACE TO BE RENDERED 


TOTAL ABSORPTION 


FROST SUSCEPTIBILITY 


SUSCEPTIBILITY TO EFFLORESCENCE LOW |AVERAGE 


LOW | 


DURABILITY UPON EXPOSURE TO WEATHER 
(wall only - no protection) 





The values given above are the result of research conducted in laboratories by and by recognized author- 


‘ities. They give an idea of what can be reasonably expected of a product made in accordance with the 
rules of the art. 


- 1 = Compressed at 20 daN/em2 = § ~ Compressed to 90-95 % Proctor Standard 

- 2° Stabilized with 8% cement - 7 + Ditto stabilized with 8 % cement 
Compressed at 20-40 daN/cm2 = 8 - Hollow products weighing 1,100 kg/m? 

- 3 - Stabilized laterite with 12 to 19 % lime - 9° Double-face on wattle 


Compressed at 300:daN/cm2 
Autoclaved at an RH of 95 % and at 90°C a 
- 4 + Sand-moulding method 
- 5 > Stabilized with 5 to 9 % bitumen emulsion 


10 = 600 to 800 kg/m? 
11 = Indicate values in your region 
12 © Indicate values in your region 





70 PHYSICAL PROPERTIES 


- 
a 


SPECIFIC HEAT 


COEFFICIENT OF CONDUCTIVITY 
(depends largely on the apparent density: - 
see that heading) 






















. T 


KJ/Kg | 1.00 | aBouT | 0.65 | <« 0.65 
0.85 0.85 | 0.85 


ge fo 


Ay 0.46 0.81 0.93 
46 0.81 


Oo 
Oo 
WF 
& 


DAMPING COEFFICIENT 
(40 cm walls) 


™ o~ 
= LF] 
N 

ia a 
Fe | 
nh 





LAG TIME COEFFICIENT 
(40 cm walls) 







COEEFFICIENT OF ACOUSTIC ATTENUATION 
(40 cm walls at 500 Hz) 


oO 


oo 

ww 

nr 

o 
g g 3 
oO a 





COEFFICIENT OF ACOUSTIC ATTENUATION 
(20 cm walls at 500 Hz) 


FIRE RESISTANCE 
FLAMMABILITY 


SPEED OF FLAME SPREAD 








AVERAGE 


VERY POOR | AVERAGE 
POOR 
VERY AVERAGE | FAST 


The values given above are the result of research conducted {n laboratories by and by recognized author- 
ities. They give an idea of what can be reasonably expected of a product made in accordance with the 
rules of the art. 


i. 
f 





- 1 - Compressed at 20 daN/cm? - 6 = Compressed to 90-95 % Proctor Standard 
- 2° Stabilized with 8% cement - 7 = Ditto stabilized with 8 % cement 
Compressed at 20-40 daN/em? - 6 - Hollow products weighing 1,100 kg/m? 
- 3 + Stabilized laterite with 12 to 19 % lime - 9 - Double-face on wattle 
Compressed at 300:'daN/cm? + 10 = 600 to 800 kg/m? 
Autoclaved at an RH of 95 % and at 90°C °- 11 - Indicate values in your region 
= 4 = Sand-moulding method *- 12 © Indicate values {n your region 


-§ - Stabilized with 5 to 9 % bitumen emulsion 


a nn ee 
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706 THERMOPHYSICAL PROPERTIES | Angel a. 
Although the thermal inertia of earth dwellings js in other mineral materials. Effusion, which con- WALL THICKNESS NEEDED TO OBTAIN A DAMPING EFFECT 
widely recognized, this property of the material siders the rate of propagation of a heat wave from EQUAL TO THAT OF A 36.5 cm BURNED SRICK WALL 
does not constitute a solution to ail thermal ene surface through the bulk ef the wall and its (COOLING TIME 82 HRS} 
problems. Soil simply does not possess all the restitucicn by the opposite surface, determines 
legendary properties which have been claimed for he suitability of the material for thermal UNRENDERED DRY WEIGHT peony THICKNESS 
it. The material is net particularly insulating, storage, Even though soil has a lower thermal MATERTAL (Kg/m?) ~ 
and its thermal capacity is far below that of capacity shan other heavier materials, its ability CLAY-STRAW 300 
solid concrete, as the following values indicate: | te store heat, which !ogicaily speaking should be bees! 
- for =°C)s T¢ i echeless excellent. Soil benefits CLAY =STRAW 400 
= equal volumes, concrete: 590 (Wh/m°°C); rammed cwer, bi neve ji AES . 
> earth 510 (Wh/m2°C); and adobe 380(Wh/m2°C). It from a igtent inertia related to fts adsorption WOCD-FIBRE CEMENT 490 
IN VERY WET is thus important to understand the thermophysical capacity. The slowness with which water migrates CLAY-STRAWw 600 
properties of soil tn order to make the most of through earth walis enhance their stcrage capacity 
it. Current literature reveals a lack of data. over the Jeng annual cycie. Diffusion is a CELLULAR CONCRETE 600 
Us The older specialist literature reports on isolat- ; measure of the lag time and damping of a heat wave side PRNETS 0b 
ja ed experiments carried out by various research as it is propagated threugh the wal!. With ‘ts 
a centres under very diverse conditions, which low diffusion, scil has the acvantage of possess- CLAY -STRAW 806 
= hinders comparison. Research programmes currently ing a significant abitity to damp and delay ther- 
Le a : : | HOLLOW BRICK 800 
ue underway in a number of countries will make it mal variations and external thermal inflows. This 
=I possible to deserfbe the thermal properties of ) oroperty is particulariy valuable in regions char- CLA’ -STRAW 1900 
soil more accurately. The first findings are acterized by highly variabie climatic and atmos- 
expected in 1984 and 1985 (e.g. The Thermal Mass nheric conditions. The greatest asset of soil is | GAY-STRAW 1200 
4 Study, New Mexico Energy Institute and the Bickle the ease with which its specific gravity can be ABCRE 1406 
CELLULAR CONCRETE Group, Albuquerque. N.M. USA). [In the period altered during construction. This is particulariy pie 36 
before new data becomes available curves can be true of the clay-straw technique, where bulk ADOBE 1600 = naa 
1000 1500 2000 constructed and information about reasonably density can be made to vary from 300 tc 71,300 BURNED BRICK 1806 YL flit {ff 3.5: | 
Stable properties can be disseminated on the basis kg/m?, This ability makes it possible to change Ci patna, 
ORY WEIGHT of the older literature. For example, the rela- storage, damping, lag time wave displacement and RAMMED EARTH +800 ane 
¥ (Kg/m?) tionship between the coefficient of thermal insulating capacities as required by manipulating HEAVY CONCRETE 2460 [—~—CSSC2 
: conductivity A (W/m°C) and the bulk density of the the weight’ and the thickness of the walls, and 
material (kg/m?) is very close to that of other thus satisfying the conditions imposed by thermal INSULATION OBTAINED WITH A WALL THICK ENOUGH TO 
IN 1) ADOBE (1500) AND 2) RAMMED EARTH (2000) [| "Mineral materials. Nevertheless variations in the considerations. Leaving myths aside, the thermo- | ogTAIN THE DAMPING EFFECT OF A 35.6 cm BURNED 
7] density of the material used must be considered. - pnysical properties of earth can be considered as BRICK WALL 
This is typically the case with rammed earth and favourable, nevertheless calculations must aliow 
clay~straw techniques, and is dependent on the for variations due to the hygrothermic behaviour UNRENDERED DRY WEIGHT T/e fn? °C/W) 
force with which the ramming was carried out. The of the material. MATERIAL (Kg/m*) 
curve for A shown here was established for a mean CLAY=-STRAW 300 
water content in equilibrium in a temperate CLAY=STRAW 400 


climate of 2.5 % by weight. This is the least 
favourable mean. Values for A can be doubled for WOCD-FIERE CEMENT 490 




















5 an increase {n water content of between 1 and 7 %, CLAY STRAW’ 600 
os This variation in water content is typical for : 
= = - unstabilized earth walls from summer to winter in CELLULAR CONCRETE 600 
i a temperate climates and in regions lying between a FIBRE PANELS 600 
ud dry area such as the Sahel and a wet region such 
: as the tropical coasts. The same value for A can CLAY~STRAW S00 
therefore not be used in all climates for calcula= HOLLOW BRICK 800 | 
tion purposes. Empirical observations indicate — 
that a 1% variation in water content results in 15 CLAY-STRAW 1000 = 
% change in A. Finally, according to the litera- CLAY-STRAW 1200 fet] 
ture the specific heat of soil fs between 800 and = 
1000 (J/kg °C). ADOBE 1400 
These values for dry materials may increase with ADOBE 1600 
residual water content. An understanding of the 0.45 = 
0 10 20 30 40 50 dynamic behaviour of earth walls can be attained BURNED BRICK 1608 4 
iar. eee pee i - Lelie hes thermal viet RAMMED EARTH 1800 0.43 
sion of t¢t materi i . 
ee usi @ material in question ese sou en 2400 0.24 n 





properties are furthermore very similar to those 
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707 NORMS, STANDARDS AND RECOMMANDATIONS 


SSS i re ee eo a ip ee 
It is often mistakenly thought that there are no standards for earth construction. There have, however, 


been several attempts to standardize the subject. The known publications on the subject, which emanate 
from various parts of the world, bring together enough data to serve as a basis for the widest possible 
range of contexts and conditions of use of the material and for the greatest possible variety of nation- 
al requirements. Though standards have little significance for small-scale projects, such as individual 
Gwellings, this is certainly not the case for projects involving more ambitious projects, which are 
becoming {increasingly common. Reference manuals are nowadays indispensable in certain countries where 
technical inspections are very strict. In the majority of the developing countries, the quality of 
earth construction is often guaranteed by local know-how or the competence of technical assistance, but 
may also be guaranteed by official bodies. Standards are, however, required by the decision-makers, and 
the financiers, the builders. Existing publications usually contain technical recommendations or 
practical tips, which do not cover the entire field but are limited to adobe, compressed blocks, or 
rammed earth, The subjects dealt with mainly concern structural and thermal behaviour and test methods, 
but overlook 2a whole series of important points relating to production and construction. Several 
attitudes can be discerned among standardizers: : 

- The material is wilfully passed over and its importance minimized. {t does not appear in the manuals. 
- Earth construction is deemed to be adequately known and that it is enough to study existing examples. 
It is thus not necessary to standardize. This attitude fs assumed sufficient to handle problems arising 
in connection with decision-making bodies, financial institutions and inspecting organizations. 

© Overly strict standards are insisted upon, which could endanger the development of soil technology. 

= Some standardizers consider their work as being necessary for the advancement of earth technology. In 
this case the manuals are highly didactic and are constantly being updated with reference to actual 
practice, These codes influence practice, which fn turns influences the codes. 

The absence of standards can no longer by invoked as an obstacle to the development of earth as a 
construction material. Numerous specialist organizations are capable of compiling codes of goed prac- 
tice which would serve as standardizing works for those responsible for earth construction. projects. 
Below we mention some good standardizing works, with attempting to be exhaustive. The pages of this 
manual deal with much of the information contained in these texts. 


UNITED NATIONS: Two extremely valuable codes of good practice have been published by the United Nations: 
° 58/11/H/4, Manual on stabilized soil construction for housing. Fitzmaurice, R., 1958. 

= 64.1V.6, Soil-cement, its use in building. 1964 

As part of the Cissin project at Ouagadougou, Upper Volta, the PNUD prepared certain basic standards: 

° Cahier des charges dressé pour le project Cissin, 1973. 


USA: As long ago as 1941 the "National Bureau of Standards" was carrying out studies of the properties 
of adobe, compacted blocks, and rammed earth. The following paper was published: 

* Report 8MS 78 - Structural, Heat-Transfer and Water Permeability Properties of Five Earth-Wall Con- 
structions, 1941. 

Two years later, the United States Department of Interior Office of Indian Affairs published codes of 
good practice and technical specifications: 

- Earth Brick Construction, U.S. Office of Indtfan Affairs, 1943. 

Nowadays adobe construction practice has been integrated into national construction codes and standards. 
: Uniform Building Code Standards - Section 24-15, 2403 Unburned Clay Masonry Units and Standards. 
Methods of sampling and testing. Unburned Clay Masonry Units. Recommended standards of the Inter< 
national Conference of Building Officials, 1973. 

= Uniform Building Section 2405 = Unburned Clay Masonry, 1973. 

Several states have contributed improvements to these national standards, including Arizonal, New 
Mexico, California, Nevada, Utah, Colorado, and Texas. In 1983, certain states published regulations 
for rammed earth construction, compressed blocks, and even for sod. 
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FRANCE: Ouriag the period of reconstruction after World War ii, three documents of an official nature 
were published: 

° REEF DTC 2001 Béton de terre et déton de terre stabilisé, 1945 

- REEF OTC 2101 Constructions en péton de terrs, 1945. 

e REEF OTC 2102 Béton de terre stabilisé aux lfant hydrauliques, 1945. 

A special set of specifications were prepared for the "Village Terre de l'isie d'Abeau" project (72 
heusing units). This official document served as a reference document for the financial backers, 
insurers, the site manager, architect, contractors, and the inspecting sody: 

- Recommandations peur la conceptian des bdtiments du Viliage Terre ~ Plan Construction, 1982. 

The thermal characteristic of the soil can be found in the publications of the C.5.T.8. 

° N° 215. Cahier 1682. 198. 


GERMANY: This was one ef the firsts countries in tre world to draw up standards. The first DIN stan- 

dards were pudlished in 1944. Between 1944 and 1556, a whole series of standards and recommendations 

came into effect. These publications, which were deemed te be outmoded, were withdrawn in 1971. 

- DIN 18951, Blatt 1 Lemmbauten (lehmbauordnung} Verschrifter fir die Ausfihrung/Blatt 2 dsgi. Erlau- 

terung, 1951. This decument is accompanied by official commentariss: 

- Lehmbauordnung nebst bauer lichen Siedlungsricht? inien-Héisher Wambsganz Dittus, 1948. 

- BIN 18952, preliminary standard, Ziatt 1 Aauiehm Begriffe, Arten, 1956/Blatt 2 Prifung von Saulehm, 
1956. 

- DIN 18952, draft, Lehm als Baustoff, 1951. 

- SIN 18953, preliminary standard, Blatt 1 Bsulenm Lehmbauteile Verwendung von Baulehm, 1956/Blatt 2 

dsgi. gemauerte Lehmwande, 1956/S8tatt 3 dsg!. gestampfte Lenmwdnde, 1956/Blatt 4 dsgi. gewellerte 

Lehnwdnde, 1956/Blatt 5S dsgi. Leichtlehmwande in Gerippebauten, 1956,/Blatt 6 dsgl. Lehmfusshdden, 1956. 

DIN 18953, draft, Lehmbau, Eigenschaften, Bauarten, Anwendungsbereich, 1951. 

DIN 18954, preliminary standard, AusfUhrung von Lenmbauten Richtlinien, 1956. 

DIN 18955, preliminary standard, Baulehm, Lehmbauteile, Feuchtigkeitsschutz, 1956, 

DIN 18956, preliminary standard, Putz auf Lehmbauteile, 1956 

- DIN 18957, preliminary standard, Lehmschindeldach, 1956. 

Apart from these standards covering rammed earth, compressed blocks, adobe, slay-straw and daub tech- 

niques, the German litessture abounds {in extremely detafled practical construction manuals. The therme! 

characteristics of soil still] form part of standard: DIN 4108, 1S81. 


§ 


INDIA: This is another of the few countries to have sreparec official standards: | 
- Specification for soil-cement blecks used in general dufitding construction, 1S 1725, Indian Standards 


institute, New Dehif, 1960. 


IVORY COAST: This country possesses a standardizing publicaticn: 
~- Recommandations pour ta conception et i'execution de batiments économiques en geobéton. LBTP, 1980 


PERU: Peru has sublished offictal standards an anti-seismic adobe structures: 

- Norma de disefio, seismo resistente construcciones de Adebe y bicque estabilizade. RNC. Reglamento 
Nacional de Construcciones. Resolucion Ministerial n° 159-77/UC-110°, 1977. 

- Itintec 231.201. Diciembre, 1978, 9p. "Elementos de suelo sin cocer: adobe estabilizade con asfalts 
para muros: Requisites”. 

- Itintec 331.202. Diciembre, 1978, 8 fs. "“Elementos de suelo sin cocer: adobe estabilizado con asfalto 
para muros: Metodos de ensayo”, 

- Itintec 331.203. Diciembre, 1978, 4 p. "Elementos de susie sin cocer: adobe estabilizado con asfalto 
para mures: muestra y recepcion", 


OTHER COUNTRIES have published basic texts which, however, have no offici2l characters of these we can 
mention Tanzania, Chana, Mozambique, Moreces, Mexico, Srazi}, Australia, the USSR, Turkey and Costa 
Rica, 


RILEM: The Cenarai Councf! of RILEM (International Union of Testing and Research Laboratories for 
Materials and Structures}, meeting in September 1982 officially created Technical Committee 63 - LEM 
"Laterite-besed materials", This committee will draft preliminary standards, recommendations and 
technical specificatiens for compressed laterite blocks. The first publications are expected in 1986 
and will no doubt be adopted as a preliminary standard by member countries. 
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800 METHODS oF USE 


The possibile wavs in which earth can be used as a caon- 
struction material are very numerous. For the sake of 
simplicity, a dozen or so fundamentally different build- 
ing methods can be identified. Even so there are close 
to a hundred variations on these basic themes. 


Among the most widely known and practical construction 
metnods are rammed earth in formwork, bricks moulded in 
raw earth and baked by the sun or “adobe”, and compressed 
earth blocks, which are produced in presses. — 


There are, however, other construction methods, such as 
cob and daub, which were,.in the past, and continue to be 
widely used. The largest and grandest earth duiidings 
were not necessarily been built in rammed earth, adobe, 
or compressed earth blocks. Among the twelve construc- 
tion methods described here, all have been used to con- 
struct dwellings ranging from modest huts to splendid 
ee settiements going from small villages to imperi- 
al cities. 
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EARTH CONSTRUCTION METHODS 








DUG OUT 


Dwelling dug directly out of a layer of the 
earth's crust. 


EARTH SHELTERED SPACE 


A structure built in one or other material, but 
not earth, is encased and covered with soil. 


FILL<IN 


Ungraded soil is used to fill hollow materials 
used as a carcase, 


CUT BLOCKS 


Blocks of earth are cut directly from the ground. 


COMPRESSED EARTH 


Blocks or massive walls ara formed by compressing 
soil in moulds of formwork, 


DIRECT SHAPING 


Thin walls are built by direct manual shaping of 
plastic soil. 


STACKED EARTH 


Thick walls are built up by piling up pasty balls 
of earth on top of one another. 


MOULDED EARTH 


Pasty soil is moulded by hand or in moulds of var- 
ious shapes. 


EXTRUDED EARTH 


A soil paste is extruded by a powerful machine 
and building elements are then made from it. 


POURED EARTH 


Liquid soil poured into formwork or moulds serves 
as a kind of concrete. 


STRAW CLAY 


A slurry consisting of clayey soil binds shreds of 
Straw fibre to produce a fibrous material. 


DAUBED EARTH 


Clayey soil mixed with fibres is applied in a thin 
layer to fill in a support. 


a 
. 





BRICKWORK 
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802 DUGOUTS | : 


A close relationship emerges between the worldwide distribution of dugout architecture and factors of 
climate and soil type. In the majority of cases, sites are dug out in soft soil, tuff, loess, or 
porous lava in areas with hot dry climates, Similarly the underground dwellings in loess of China and 
Tunisia are found in desert and steppe. The greatest concentration of such structures can be found in 
the countries of the Mediterranean region of Europe (i.e. Spain and italy), Turkey and the countries 
of North Africa (i.e. Morocco, Algeria, Tunisia and Libya). 


The dug-out home offers protection from the daily heat and smooths the difference between nighttime 
and daytime temperatures due to the thermal buffer effect of the earth mass. Apart from defensive 
reasons, lack of tuilding techniques and materials (quarrying, transport, and long and costly con- 
struction) must have led men to live undergrounc. Nowadays, urban concentration, the wastage of space 
and energy, has thrust a new form of trogladytism upon us. Skyscraper develepment is yielding to 
underground developments of often alarming dimensions. 





HORIZONTAL DUGOUTS 


Construction methods reached the point at which it 
was possible to artificially dig out the earth 
horizontally. Using these methods, relatively 
complex underground dwellings were built. Gen- 
erally, the interior of such dwellings was ince 
spired by other structures in the same area. In 
fact, these interiors could be considered to be 
mirror images of one another. in many cases it 
can be seen that the dugout is camouflaged by a 
sophisticated lean-to structure, by a simple porch 
roof, or by a covered extension. The facade also 
contributes to the camouflage effect, and this for 
the reason that {ft is constructed using dug-out 
material the visual impact of which evokes the 
traditional local architecture. An isolated 
dug-out dwelling built for temporary residence or 
as a shelter is highly exceptional. Historically, 
the permanent settlement of fertile land lying 
near mountainous areas capable of easy defence 
provided the basis for the establishment of entire 
communities in true villages of dug~outs. Laid 
out in rows on one or several lJevels and in such a 
way as to draw the maximum benefit from the sun, 
these dwellings are connected to one another by a 
complex network of paths and stairways. 

Many dug-out dwellings have a very similar layout 
with a daytime area consisting of a living room 
and kitchen directly illuminated by means of 
openings made in the facade and a nighttime area 
consisting of rooms illuminated by a second source 
of light. In the more spacious dwellings an inner 
central area ensures access to each of the rooms. 
These inner areas are limited by the walls left 
behind after the completion of the excavation 
works. Dug-out volumes and areas are not subject 
to the same restrictions as those of standard 
construction materials. Underground dwellings are 
so to speak sculpted with ease from the earth 
mass. Moreover it- is not rare te observe highly 
irregular shapes among them with prominent curves. 
The areas referred to above are usually oblong or 
more or less quadrangular. !f the dwelling con- 
tains more than one storey, the floors are often 
constructed using a layer of harder and more 
cohesive material. Vaults, or dropped arches, and 
domed catlings confer stability upon the system. 
Underground dwellings may also assume the form of 
traditional wooden structures using posts, beams 











and joists, and boards. This approach makes it 
possible fer far larger volumes to be freely 
divided up as required, 


VERTICAL DUGOUTS 


In flat areas such 2s plateaus or plains undere- 
ground dweilings are dug out vertically. Generai- 
ly a ramp or stairway of gentile gradiant leads to 
the surface from the bottom of the hole, which 
penetrates the sofi to a greater or lesser extent. 
Vertical dugouts can be seen among the Matmata of 
Tuntsfa as well as in the lIcess regions of the 
Chinese provinces of Hunnan, Shansi, Shensi and 
Kansu which together have a total population of 
cicse to ten million people. 

In China dugout dwellings are systematically 
planned with thousands of dwellings and werkshops, 
small industries, schools, offices and hotels laid 
out on a gridiron pattern. In Loyang, the dugouts 
are nine to ter: metres deep and are built around a 
rectangular patio approximately 200 to 250 square 
metres in area. The living quarters are organized 
around this patio. The rooms are dug so that they 
run outwards from the vertical faces of the patio 
hole. They are vaulted and are shert, as seil Kas 
very poor bending characteristics. Dwellings 
constructed {im such a way are zt one and the same 
time sheltered from prevailing winds, ventilated 
by the patio and extraordinarily resistant ta the 
seasonal extremes of weather. The dug out dweli- 
ing suffers from two major problems : erosion and 
the accumulation of rainwater, Oriving rain and 
wind progressively weer down the outer walls which 
must be regular'y resurfaced. Ouring the rainy 
season, water which runs down into the patio is 
collected fn wells, which constitute 4a valuable 
reserve of water, 




















































803 EARTH-SHELTERED SPACE 


er eee rr eee EOE 
There are numerous examples of underground architecture throughout the world and it is commonly 


believed that they belong to a bygone age. That some people can nowadays again consider it desirable 
to live in dwellings sheltered by earth provokes wonderment. Conventional construction methods are 
net compatible with the concept, whereas modern technology and present-day standards and notions of 
comfort favour it. The insulation provided by a thick layer of earth heaped onto a structure built 
with other materials constitutes a barrier to undesirable heat or heat loss. Quite apart from 


UNDERGROUND OWELLINGS 


The structure of an underground building jis not 
subject to any particular specifications and a 
great variety of materials other than earth may be 
used, Earth does not form an integral part of the 
structure. It is only used to shelter it. The 
Paris headquarters of the UNESCO offer a good 
example of the use of backfilled earth. 


In cantrast to the above, earth can be used 
structurally in the carcass of underground build- 
ings. The “reinforced earth" method of the 
architect Henri Vidal is a good example. In this 
a asleeiae oe method linear metal reinforcement {s placed in a 
EY feo: rad horizontal plans and covered over with layers of 
—lhetetett I '**' l highly compacted earth. The solid mass of earth 
Sine ie thus obtained {is uniform throughout its entire 
height and to a depth equal to the length of the 
reinforcement. The facing consists of a flexible 
skin or of concrete “shells. The Vidal method, 
tested in public works projects, has found archi- 
tectural applications fin various countries includ- 
ing France, Spain and the United States. Very 
steep sites with slopes as high as a 50 % can now 
be built upon. 


EARTH=SHELTERED DWELLINGS 
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The earth-sheltering dwelling is a very old 
concept as the circular dwellings at the Banpo 
site in China constructed about 4000 years ago 
attest to. Comfort in a variety of weather 
conditions, more than defense considerations, was 
the basic premise of these dwellings. 


This ancient method of heat insulation is once 
again being used. The most recent bio-climatic 
concepts in architecture lend themselves to it. 


The insulating earth can be used to protect the 
roof alone. This principle is just as valid in 
hot as in cold climates. Several different types 
of African dwellings (for example, in Tanzania, 
Ethiopia, Soukina Fasse and Niger) are sheltered 
with a thick layer of beaten, clayey earth. In 
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the considerable energy-saving achieved by the new architecture, the latter forces a new attitude 


toward the landscape upon us. The fact that the stage of triais and models has given way to numerous 
actual structures confirms the growing popularity cf underground cwellings. In the same vein, inter- 
national conferences bringing together researchers and specialized builders are regularly held on the 
subject. it is a fact moreover that a numper of universities and research centres have set up high- 
Tevel scientific and technical programmes for the study of this subject. A distinction must be made 
here between underground structures and earth-sheltered structures. 





in Iceland and Norway sod {s used to preserve the 
roofs of traditional wooden dwellings. Recent 
research conducted at the CHK in Kassel (FRG) into 
the concept of insulating roofs with earth tends | 
to confirm the benefits of the technique. A layer 

ef expanded ciay sheltered by 402 cm of grass- Rs 
covered earth reduces heat ‘oss by between 50 % peer OS 
and 90 % In additien, a thick layer of earth 
considerably enhances the saundproofing of a 
dwelling. 
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Structures, whether they be underground or earth 
sheitered, must be dampproof. 


Dampness can be caused by any of the following: 

= the absorption of water from a poorly drained 
surfaces 

- tamporary water pressure on the walls; 


SHA 
° variation in underground water levels and a a “i 





capillary rises ihe 
- the transmission of water vapour through walls. o 
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Gampness can be prevented by providing drainage, oe Sat 
protection and effective dampproof. There are 
numerous techniques available: filter membranes 
ang drainage around the sides, vapour barriers, 
watertight dressings and paint, reinforced piastic 
membranes, etc. 


Underground structures nust be atle to withstand 
the vertical pressure due to the mass of earth 
covering the roof, as well as the horizontal 
pressure caused by the soil pressing against the 
buried walls. Temporary, iateral pressure caused 
by water and frost and upward pressure caused by 
fluctuations in underground water teveis con- 
stitute loads of variable magnitude. Massive 
supporting walls, cantilever walis, reinforced 
masonry, reinforced earth, hull-shaped, arched and 
dome-shaped structures are some of the solutions 
that have been adopted by builders of underground 
dwellings. 
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804 FILL-IN 


(a I ST Re PE ea ees STIS 
Dry earth can be used to fill a whole range of hollow ready-made building materials which can then be 


used in the actual fabric of a structure. When the materials used for the structure are light and not 
very durable in themselves, filling them with earth gives them weight and renders them stable. In 
cases in which structures built using hollow construction materials are stable to begin with, the 
added earth enhances thermal and acoustic insulation. 

The application of those techniques to the construction of emergency dwellings for disaster victims of 
is well known. In the majority of cases in which these techniques have been. applied, it was for the 
purpose of building temporary dwellings, and they offer the advantages of economizing rare materials, 
rapid execution, and low cost. 





BAGS 


Jute bags are filled with dry earth and then piled 
on top of one another. These are staggered in 
their respective successive rows like the bond in 
brickwork. Arched openings are reinforced by 
steel bars while horizontally and vertically 
positioned posts strengthen the walls. 










TUBES 
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Cotton tubes filled with volcanic sand are soaked 
in whitewash, placed on top of one another and 
inserted between a rigid bamboo’ reinforcing 
structure. The two sides of each wall are white- 
washed so that the wall can breathe. One such 
project was completed in Cuatemala in 1978. 
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BLOCKS 


Large hollow cement breeze blocks are filled with 
earth, The corner units are filled with rein- 
forcement. and concrete, constituting a rigid 
self-coffering structure. This method was tested 
in the construction of the agricultural village of 
Abadla in Aigeria in 1975 (2). 


INSULATING UNITS 


Hollow blocks made of cork are filled with earth. 
This system combines mass and thermal insulation. 
Horizontal and vertical bonding in reinforced 
concrete jis cast in the hollows of the structure. 
This method, which is still in the experimental 
stage, was devised by the Studie group in Corsica 
in 1981. 
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BOXES 


In 1971 NASA patented a system using folded boxes 
of waxed cardboard. The idea was for the boxes to 
be filied with earth and used to construct walls 
on the moon, The ingenious folding systam divides 
the boxes into four compartments. When foided the 
flaps project from the flat upper surface and 
serve to lock the boxes in pesition. 


CONTAINERS AND REFUSE 


Discarded reusable materia? such as barrels, 
drums, etc. can serve as construction units. 
Tyres filled with earth and piled on top of one 
another result in heavy, insulated walls. These 
are dressed with earth on the outsice and plast- 
ered on the inside. Dwellings buiit by self-help 
builders are constructed in this fashion, 


HGLLOW WALLS 


The so-salled in-fill technique is very old. 
Walls built using stone or brick are filied with 
earth. Numerous structures dating from Roman 
times as well as cathedrais and the Great Wall of 
China are examples of this technique. It was 
employed recently in the construction of the 
village of Zeralda in Algeria. 


TEXTILES 


In this method sheets of canvas hung from frames 
driven into the ground are filled with earth. 
Units of up to ten metre long can be produced in 
secies and rapidly set up. The tavt side bulges 
at its base and constitutes a structure which {s 
highly resistant to earthquakes. The technique 
was perfected at the CHK in Kassel in the Federal 
Republic of Germany. 


LATTICEWORKS 


Wooden latticeworks or a wooden framework surfaced 
with chicken wire are filled with earth. This 
system unites simplicity with speed, but must be 
pretected. The technicue wes employed on Mayotte 
Isiand in the Comores Archipelago in 1982. 
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805 CUT BLOCKS 


Surface soil, whether organic or mineral in content, and which is naturally coheresive can be cut 
without any preliminary steps. The removal of blocks of earth from a layer of soil is a very ancient 
practice. Organic earth which contains plant material and is coherent because of the abundance of 
roots, was cut into sod. The technique was practiced throughout the ages in the Scandinavian coun- 

tries as well as in Asia and America. Soil in arid regions rich in concretions containing carbonates 





BLOCKS OF EARTH 


Blocks of earth used for the purpose of construc- 
tion are referred to by various terms : for 
example, "sod" in England and the United States, 
“turf" in ireland and "terrone” in Central and 
South America. (this section will use the word 
“sod"). If the turves are cut from a single layer 
y NGA , , oN of ane Sri plant polenta a “i is 
; removed in a single cut, or in a number of slices 
COILS QANTAS depending on the thickness of the stratum. The 
American use of this technique deserves comment. 
The European immigrants that settled the states of 
Missouri and Nebraska found themselves lacking a 
source of wood and stone. There was a plentiful 
supply of clay but the scarcity of fuel excluded 
the possibility of baking it. To build their 
farms, the settlers were inspired by the local 
Indian dwellings, i.e. the round huts peculiar to 
the Omaha and Pawnee tribes, and they took up the 
practice of cutting sod. it was difficult to 
obtain uniformly shaped pieces of earth using a 
spade. The situation improved with the develop- 
ment of a specially adapted plough called the 
"grasshopper" which featured a right-angled blade 
able to cut uniformly shaped chunks delicately 
without breaking them. The biocks of earth are 
pe a placed in the structure (with the grass-covered 
ot age surface facing inwards) just as they would be in a 
conventional brickwork. Sed walls and structures 
suffer from settlement and they rarely have 
foundations. It was customary for constructors 
to provide empty spaces at right angles to the 
doors and windows which were gradually closed by 
gp Ne the settling process, The first rectangular 
anit ape G att (. "| dwellings were simple in design, and as time went 
BI en Te item On, they became more elaborate, describing L and T 
Smee shapes. Some of these began to take on the 
appearance of multi-level middle-class homes. 
They were particularly well insulated and resis- 
tant to erosion. Furthermore, the clearing of 
land overgrown with grass freed it for cultiva- 
tion. At present this technique is rarely used. 
It should be pointed out, however, that "“terrone" 
is officially approved by the construction 
standards of the state of New Mexico in the United 
States. 
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(a chemical source of cohesion} is suited to this technique. Only elementary tools (spade, pick and 
quarry tools) are required for the removal of chunks and blocks. Advances have been made in this area 
anly recently . The precuction process involved is minimal. There is no pulvertzation, no mixing, 
nor compaction. The blecks or chunks are ready for use as soon as they are cut. The cut black 
technique, which nas gradually fallen inte disuse, could be due fer a comeback. 





CUT BLOCKS 

es 
Some soils have a (ccherence) and hardness which 
permits blocks of earth suitable for construction 
purposes to be cut frem them. Such soils are 
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content or they are the product of tataritic {0% 
induration. The use of blocks of earth cut cut of 
the ground is fami?iar in a number of countries. 
Such blocks are known variously as “tepetate”™ in 
Mexico, "caliche” in the United States, "mergei® 
in the Low Countries, "mari" in England and “tuf™ 
in most cf the Mediterransan countries. The soiis 
im question are most often che resu't of the con- 
solidation of disaggregated parent rock. One type 
of indurated ‘aterite for exampie, the plinthite 
common in Soukina Fasso, possesses the property of 
reacting on contact with air. Although they are 
friable and disaggregate in water, when they are 
removed from the ground plinthite bioeks become as 
hard as rock and resistant to water after a few 
months' exposure to the air. The traditional . 
method of making these blocks {is similar to the Bee See 73, eet 
one used for stone. One labourer using only | eile 0. te SE 
picks, chisels, wedces and saws can turn out fifty 
big blocks a day. By about the early sixties in 
Libya, the removal of plinthite blacks was mechan- 
ized with powered rotary saws being used. Fragile 
in water, plinthite cannet be cut with diamond 
saws. Spectal saws fitted with tunasten carbide 
inserts were used. 
These are highly resistant to abrasion and shocks 
from part of the blocks that have already hard- 
ened. Guides enable these saws to cut both 
horizontally and vertically through the thickness 
of the plinthite blocks, greatly increasing 
productivity. Recently in Mexico the {dea of 
huliding schools using "tepetate' has resurfaced 
in the CONESCAL programme (2). The state of Texas 
{s once again considering using caliche. These 
materials are so salid and durable that interest 
in them has revived. Specially designed equipment 
for extracting them remains to be developed, 
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806 COMPACTED EARTH 


Naturally permeable and porous, earth is extremely vulnerable to water. Once water penetrates the 
void of this material, it causes irreparable damage. Vulnerability to water can be decreased and 
strength increased by reducing the voids ratio. 


This improvement is achieved by compacting the earth 


thus raising its bulk density. The technology of compacted earth has been thoroughly investigated and 
is widely applied, as a result of the attention it has recetved fn the past from engineers and scien- 
tists. Technically advanced and uncompromisingly modern, compaction is very highly rated and appears 
to be in for a promising future. 












STATIC 
COMPACTION 


VIBRATION 
COMPACTION 
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THE MECHANISMS OF COMPACTION 


Static compaction: a dead weight exerts static 
pressure on the surface of the soil. The effect 
below the surface is limited as a result of the 
soil's internal friction. 


Dynamic compaction: impact or vibration. 


When an object falls onto the surface of the 
earth, the impact produces a shock wave and 
pressure which sets the particles in motion. The 
effect deep below the surface is enhanced. The 
force of the impact of an object which has fallen 
from a height of 50 cm gives rise to a pressure 
fifty times as great as the static pressure.that 
the same object would produce. 


Vibrating machines produce a series of rapid 
impacts on the soil at a rate of 500 to 5000 
vibrations per minute. The pressure is propagated 
by waves to beneath the surface. The motion 
imparted to the particles temporarily overcomes 
internal friction and rearranges the grains. In 
this fashion maximum density can be achieved. 
While vibration compaction is swift and equipment 
need be less heavy, the plant must be more soph- 
isticated equipment than that required for static 
compaction. 


STATIC COMPACTION 


in practice the static compression of an earth 
mass {is effected through the application of a 
fores. This is produced by means of a hydraulic 
or mechanical press. Kept in a mould, the soil is 
compressed between two plates that slowly approach 
one another. The compression drives the air out 
of the soil. The densities thus achieved are of 
the order of 1700 to 2300 kg/m?. The static press 
is only. suitable for the production of smal! 
building units (bricks, in-fill, ete.) and cannot 
be adapted to the construction of walls or mono- 
lithic paving. Depending on the type of press 
used, production ranges from 300 to 200,000 bricks 
a day and the cost of such a piece of equipment 
from $ 200 to $ 1,000,000, 
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DYNAMIC COMPACTION BY IMPACT 


The manual production of bricks by compacting soil 
in weoden or steel moulds with tampers is a very 
old tachnique. It requires painstaking work and 
the yield is low. in addition, it is difficult ta 
control the thickness of the blocks. Severe! 
attempts at mechanization have been made with 
presses using heavy hinged ifids. These were 
motorized and made for very laborious handling. 
They are no lenger on the market because of the 
prabl ans presented by their slowness of operation, 
the control of the thickness and the density of 
the olocks. In contrast, dynamic compression by 
means of impact is perfectiy suited to the con- 
struction of walls made in monolithic compressed 
@arth. The universally known "“PISE" involves 
ramming earth in formwork, The final product of 
this process is very solid and durable as univer- 
saily attested to by an architectural legacy as 
rich as it is varied and frequently of an aston- 
ishing quality. A similar technique was and 
centinues to be used for making deaten earth 
paving. 
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DYNAMIC COMPACTION BY VIBRATION 


Raising the bulk density of soil by vibration is 
very widely used in roadworks. it is alsa used 4s 
well to produce blocks made of compacted earth, 
Tne production units in Burundi and the Demecratic 
Republic of Sudan that were cperating in the mid- 
fifties are a case in point. The advantage of 
vibratory compaction is that large blocks (50 cm x 
2G em x 20 cm) can be preduced at a significant 
saving in energy compared witn the resuits which 
would be achieved if the process were carried out 
using static compaction. Hollow blocks can also 
be produced by using vibratory compaction. The 
principle has been applied ts rammed earth by the 
CHK in Kassel in the Federal Republic of Germany, 
This takes the form of 3 smali electrical vibrator 
containing an eccentric rotating weight run by 
eiectricity which traveis back and forth in the 
formwork. The movement of the machine away from 
and back to its starting point is controlled by a 
switch. This system represents a considerabie 
saving in manpower. Jt was used to construct a 
home in Brasil in 1982. Compression by means of 
vibration jis particularly well suited to making 
ficors. The range of such machines availabie on 
today’s market is very extensive. 














807 DIRECT SHAPING 
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Direct shaping marae use of plastic earth, This is an essential precondition, but makes ft possible | henones escapes scientific control, The principal advantages of the technique are as follows: great 
to model bores Wr theyh: ‘che: Use) oF s3 mould or formork. -ln Black Africa; a Targe Brepereton: OF Ene architectural variety, a limited manpower requirement, the low-cost of the structures, the use of 
dwellings in the Sahel and equatorial regions have been constructed fn this fashion despite ene ex elementary toois, a good ground for applying a finishing rendering (i.e. the roughing of the under- 
tremes of the wet season mich Pastry puts the durability of a structure to ete test. ihe arent tec lying support and the insertion of hard chips tn the wall). On the other hand, drying and control 
eure ‘there 1s whiten: heesencakingly Deauei Puls: Me quality aod. ene oprepararton ofthe) 301 5: ae\e over contraction cracking as well as the poor mechanica! performance of the material present croblems. 





knowledge of the appropriate consistency of the sail are known only to the builders. This kind of 


Apart from carefuily tabulating its styles of architecture, direct snaping has not been studied in any 
systematic fashion which would allow its advantages and its drawbacks to some extent to be overcome. 


eR 


ROLLS 


Earth which is to be directly shaped by hand is | 
often worked beforehand. Such preparation con- 
sists of the following consecutive stages: hydra- 
tion, kneading and drying until the ideal plastic 
consistency fs achieved. The material is some- 
times enhanced by the addition of plant or animal 
substances or organic refuse. The earth is then 
shaped into sausages which are interlaced 
obliquely and then smoothed, or are dovetailed 
together, the actions of the builder being similar 
to those of the potter. The walls constructed are 
only from five to seven centimetres thick and 
hardly much more at the base. The world-famous 
“case-obus" or shell dwellings of the Mousgoum of 
North Cameroun use this technique, and to this day 
their wholly original architecture continues to 
evoke amazement. 


SHAPED EARTH BALLS 


The use of large earth balls makes it possible to 

construct thicker walls. The material is laid 

down in several courses, the human hand being the 

main toot. Each layer must dry before the next 

can be put down, In order to ensure greater sta- r ses —s 
bility from the material, successive layers are \ oO 
made to overlap one another and fit into one \Y ie 
another in the form of overlaying edges. The NXe Pe : mR: ee 
walls cannot bear much weight. Thicker layers are nos Sas : =. ae TN eee 
provided to support the heavy roof of timbers and gp See Ge ee a Cr ie 
heavy straw covered with kneaded clay. The farms . 

of the Lobi of North Ghana and the fortress-homes 
of the Samba in North Senin are good examples of 
the technique. 





SHAPED COILS 
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The material can be prepared and used in a great a) = =— : 

tu dary ed be Pte S 
many ways. Generous quantities of vegetable gga wll f it | fitnita ne Ny 
fibre, usually straw, may be added to the earth. _ ae iui {Kl Huth i (Ui +a SESS 
smal] sheaves of long twisted stalks of straw are : wae: NY 
dressed with plastic clayey mud. Thin walls (5 Ey ns 
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em thick) are built up by shaping actual coils of 
earth. This technique, examples of which can be 
found in Mexico, is used to construct roofs whose 
form is reminiscent of pottery kilns. These 
structures last a surprisingly long time. 
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808 PITCHED EARTH 
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Although the technique is no longer used in Europe, where it is known as "bauge” in France and "cob" 
in Great Britain, cob construction continues to be practiced in many developing countries. Found in 
simple rural dwellings in Afghanistan as well as in the cities of Yemen, where towering multi-storey 
buildings can be seen, cob architecture can be both modest and spectacular. in this technique clayey 
earth in the form of rather soft cohesive paste is used. A degreasing agent is added to improve its 
cohesiveness and tensile strength. This agent is usually straw or chaff, though certain soils are at 


times very gravelly and approach those used for rammed earth structures. Kneaded aforehand, the 
material is shaped into large balls, which are either piled or forcefully thrown onto the wall. in 
this way very thick walls (40 em or 50 cm to 200 cm) consisting of several lavers of monolithic 
appearance can be buitt. The many construction techniques using cob are not very well known. The 
cracking of the material upon drying, which can be avoided, has preoccupied engineers, discouraging 
them from reintroducing the technique. The inerits and potential of cob have been sufficiently weil 
established te justify. an attempt at reviving it. 


COB BALLS be al 
— 


In France some examples of the application of this abandoned technique can be found in Brittany in the a 
Bassin de Rennes and the Vendée. The term "bourrine” in French, which is used to refer to the type of 
dwelling found in the Marais of the Vendée, comes from the verb “bourriner”™ which means "to thatch”. 









To construct walls using the cob technique, earth was taken from the slopes of the raised paths that hha Ue Yithiy Ad 

stretched across the marshes ("Marais"). This earth was very fat and of the silt-clay type. Spread c nm a: [ONS 

over the ground in circular heaps 1.5 to 2 m in diameter to a depth of 10 cm, it was thoroughly # eae 7 a é om, 
moistened and covered with stalks straw and reeds and on occasion twigs of heather. These vegetable Srp Nise td 

fibres limit the considerable shrinkage of the material. The heap is then trodden so as to obtain a Pep Poe thy Meira 


homogenous mixture. Another layer of earth and fibres is added and the operation repeated on a mass 
of material almost one metre thick. The mixture is then left to rest for a day. The fallowing day 
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the pasty mixture is cut with a spade into more or less unfform pieces known as ‘bigots’. A labourer | SSS nee 
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uses a fork to serve the bricklayer and the ‘bigots’ are stacked and compressed by stamping with the ; ree 
SS —— Sd 


feet. After a few days of drying, the surface of the material is worked with a small spade having a 
sharp triangular blade. As soon as this is completed, the outer surface of the wal] is scored with a 
small rake and encrusted with chippings, which serve as a basis for surface rendering. After two 
weeks of drying, the next batch of earth is applied. A similar technique was once practiced in 
Germany; draft animals trampled the mixture, and the balls of cob, which could be large, were lightly 
tamped with wooden mallet. The thatched dwellings of the Vendée, like the houses built in Germany, 
are relatively long narrow structures, small in overall area and built all on one floor. The con- 
struction of the walls fs a major part of the work. The cob structures once buflt in England in Devon 
seems to have been more elaborate, in order to permit building multi-storey houses. Provided with 
"good shoes" (the foundations) and a "good hat" (the eaves), as a Devon proverb put it, cob-built 
houses can be counted to last for many years. 


STACKED EARTH BALLS 


In North Yemen cob construction has been perpetuated by extensive technical know-how. The architec- 
ture has been characterized by superimposed layers of earth which are raised at the corners of the 
buildings. The soil jis taken from the site of the building itself, and straw added to it. The 
mixture is moistened and trod by human feet in shallow pits. The mixture is left for two days before 
being shaped into large balls. These are thrown up to the bricklayer who stands on a finished part of 
the wall under construction and forms the new layer of cob by throwing the pasty balls forcefully and 
rhythmically onto the wall. As soon as this has been done the mass of earth is beaten with a wooden 
mallet and then smoothed by hand. The technique practiced in Yemen has the advantage of speedy 
execution but the long drying stage delays the completion of the building. The problems of erosion 
and durability can be solved by adequately protecting the material (f.e. rendering). The necessary 
know-how, which still exists in quite a number of countries, could be used to set up modern low-cast 
building programmes. 
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809 MOULDED EARTH 


widest possible range of socio-economic circumstances. Adobe construction is stil! widely practiced 
in most developing countries but is regarded as a symbol of poverty. However, adobe has experienced a 
resurgence of popularity during the last ten years in the industriclized countries. In the Southwest 
of the United States, for example, international conferences have been heid te bring together research 
workers and peopie from the practical side of adobe construction and adobe has been made subject to 
building standards, Although sun-dried brick does not appear destined for any extracrdinary technical 

advances, it will undoubtediy continue to play a major role in earth construction in the coming years. 


Sun-dried clay brick is without doubt one of the oldest materials used to construct human dwellings. 
It is usually referred to by the Spanish word "adobe", derived from the Arabic "“ottob", which in turn 
is related to "thobe", the Egyptian word for sun-dried brick. Adobes are made using thick maileable 
mud often with added straw. They are shaped by hand in moulds or by machines. They can be found in 
numerous shapes. In view of the great diversity in the mode of production, ranging from the craftsman 
who produces from 100 to 150 bricks per man-day to the completely automated factory capable of turning 
out several thousand bricks a day, adobe is an extremely versatile material and can be adapted to the 


PYRAMIDICAL BRICKS 


The oldest sun-dried brick currently known to man was found at the site of Jericho in the Jordan 
Valley. tt dates from 8000 years BC and was shaped by hand to resemble an elongated loaf with the 
fingerprints of the craftsman who made it still visible on it. There fs a certain amount of archaeo- 
logical evidence that the shape of moulded sun-dried bricks has changed considerably through the ages. 
The earliest known bricks were conical (discovered in Peru) and cylindrical. Later bricks were hemi- 
spherical and humpbacked (Middle East). Cube and parallelepiped-shaped bricks are of quite recent 
origin. At present conical and pyramidical bricks are still frequently used in West Africa. In Togo 
and the north of Nigeria these, which are known as "tubali"™, are made without a mould and with a 
mixture of earth and straw which also serves as the mortar. Tubali are laid next to one another in 
thick walls with a large quantity of mortar. in Niger urban houses are made of bricks shaped by hand. 
These houses are often multi-storey affairs, as for example fn Zinder and Kano, and are lavishly 
decorated with geometric motifs and interlacing arabesques. 


CYLINDRICAL BRICKS 


Sun-dried cylindrical bricks were used to construct homes in Germany after the First World War. This 
shape was introduced in the area of the village of Diinner by a missionary who had returned to his 
native country after having spent all his life in Central Africa - an early sort of North-South 
exchange. At the time Germany had undertaken a massive reconstruction project and was thus interested 
in developing ways of using local materiais. Immediately after they were mouided, clay cylinders were 
used to fill in the wooden frames of the walls. Erecting the frame and immediately filling it in 
offered protection from the vagaries of the weather. Because the clay cylinders, which pressed hard 
against one another, were adhesive, it was possible to dispense with the use of mortar. Shrinkage of 
the walls was prevented by reinforcing the courses of the bricks with small branches. The visible 
surfaces of the walis were pierced with even series of holes so 3s to secure the rendering. The 
"Dinner" method was disseminated throughout many areas of Germany and within a few years it had 
resulted in the construction of nearly 350 separate dwellings. 
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PARALLELEPIPED BRICKS 


Of all the various shapes of bricks the parallelepiped is the best known, These bricks, which are of 
varying size (from 0.20 cm x 0.11 cm x 0.05 cm up to 0.60 cm x 0.30 cm x 0.10 cm) and weight (from 
2 kg up to 30 kg) are usually shaped in wooden or steel moulds containing one or two spaces using the 
slop or sand-moulded technique. In the case of the slop-moulded technique the clay fs quite soft and 
the mould is dipped in water to facilitate fits subsequent removal. The brick fs made on the ground 
itself on a drying surface covered with straw, sawdust or sand. The mould fis filled several times, 
and the soil compressed so as to drive out the air. A short, sharp vertical jerk is mecessary to 
effect the removal of the brick from the mold. S8ricks made in this fashion are rarely solid. In 
Egypt an experienced craftsman can produce 2,000 small bricks a day. In the case of the sand-moulded 
technique the soil is usually plastic. The bottom of the mould {fs full of holes and as in the pre- 
vious case it is dipped in water, but this time it is sprinkled with sand. The process is carried out 
over 2 table. The mould is filled only once, the earth fs forcefully ejected and the excess removed 
by scraping. The mould {is then turned over and shaken so that the brick can be removed. Bricks made 
in this fashion are generally of good quality and it is possible to produce from 400 to 600 of them 


per man-day, 
rm | 
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810 EXTRUDED EARTH 
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The earth extrusion techniques have long been adopted by the brick industry. In the technical litera- material is extruded through a specially designed barrel and comes out in the form of a continuous 


ture the origin of the machines presently used in most of the countries known for traditional skill in | earth roll. Once on a delivery belt the paste roll is cut by a steel wire into standard lengths. 
brickmaking is traced to the last century. The principle of the technique remains unchanged, while ; This effective technique, which is still used in the ceramics industry, offers the advantage cf being 
the machines themselves have been slowly improved. The earth used js very clayey, large aggregate | capable cf being adapted to the production of a great variety of materials including plain or hollow 
having been removed, and it is processed in a semi-solid pasty state. Fed into the machine, the bricks, stretchers, inefill, tiles, piping and drainpipe. 





ADOBE 7 


Extrusion can be adapted to the processing of sun-dried earth products such as adobe. The elimination 

of burning makes it necessary to check the aggregate content of the soil which must be less clayey and | 
sandier. Sun-dried material is more abrasive than burned material and machines must be able to stand 

up to it. The fact that the soil is less adhesive in this case implies that the extrusion is a less 
power-consuming process. Adobes stabilized with asphalt used to be made by extrusion in the United 

States in the 1940's and 1950's. In India this type of process continues to be used to this day. 

Heavy expensive machines are generally used for this, but small mobile units mounted on trucks and | 
combining a shovel excavator, a grader, a mixer machine, and the die were used in the United States in 

1950. Small machines fitted out with vertical drums were used in Europe at the beginning of the 

century, as were animal-powered systems, which are currently being reconsidered. 


ROLLS 


The concept of an extruder, combining a vertical mixer and a barrel in the bottom of the drum which 
operates horizontally has been readopted by researchers at the CHK in Kassel in the Federal Republic 
of Germany. The CHK extruder was equipped with an electric motor and a helical cutter, which made it 
possible to extrude earth with a high sand content. The machine can produce a 1.5 metre long strip 
with a section of 8 cm x 16 em per minute or 360 bricks an hour. The relative elasticity of earth 
strips makes it possible to construct wails with flowing shapes, as wells as domes and arches without 
using mortar. This technique, which is remeniscent of direct shaping, was tested in Kassel in 1982 
but remains experimental. Cracking and shrinkage present problems which must stil] be resolved. 
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EXTRUDED HOLLOW BRICKS 


The energy crisis spurred producers to consider ways of economizing the heat energy consumed in baking 
bricks. At Rennes in Brittany the INSA has experimented with producing extruded earth bricks using 
the so-called Stargil process. The CITB has launched a similar product. The bricks are produced 


using all the equipment of a brickworks except for the kiln. After the earth is stabilized with — i 


\ 





cement (approximately 15 %), and plasticizers (molasses) added to it, it {fs extruded through the SS ET My} 
barrel which turns out conventional bricks. In comparison with burned materials, there is an overall 
energy saving of S38 % and piants reduce their investment outlay by 30 %. Because of their smoothness | Nn lan 
ft has been necessary to develop a special rendering with a glue and plaster base. 
: 


LOAVES OF EARTH 


In this technique cylindrical mud loaves of earth are extruded by a smal} mobile extruder. The loaves 
laid in the structure are used immediately upon being extruded. They stay in place for the sole 
reason that they are plastic and adhesive. A wooden frame is filled in with the units and the result- 
ing structure is particularly resistant to earthquakes. The technique was perfected in Dinner, 
Germany after the Second World War. In fact it represents a mechanized version of the manual process 
for producing earth cylinders. 
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811 POURED EARTH ! 
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Soil in the form of liquid mud but containing fairly sandy aggregates, even to the point of being 


gravelly, can perform the same function as lean concrete. Poured earth offers several advantages such 
aS easy preparation with a minimum energy requirement, great ease of use and a wide range of appli- 
cations ranging from the prefabrication of units to the construction of monolithic walls or the 


| production of paving. Nevertheless the technique {s rarely used as the material suffers severe 
! shrinkage upon drying. The latter problem can be solved by means of stabitization, by dividing slabs 
| up into smaller units, or by sealing cracks at a later date if there is no risk of structural damage. 
Furthermore, the poured earth technicue can be adapted to the entire range of tools used in concrete 
| technology including the concrete pump. This technology may be destined fer future development. 
| 
} 
| 





BRICKS 


Poured earth can be used to prefabricate bricks. This process is currently used for small-scale 
production. The mud can be prepared in large ditches by means of a frontloader. The frontioader then 
carries to the material in its bucket to moulds set up on the moulding area. Mobile machines equipped 

with hoppers which tip the mud into a mould of the same capacity as the machine can produce 25 bricks 

or more at a time. Production units utilizing such machines can produce up to 20,000 bricks a day. 

Another method consists of pouring the earth into a large mould (3 m x 3 m for example) and then 

cutting the bricks by means of a cutting wire or else mechanically, using disks. All these methods 

are used today in the Southwest of the United States. Poured earth technology requires a great deal 

of know-how with respect to the evaluation of the consistency of the material. Brick moulded with 

earth whose liquid content fs too high, for example, coliapse on being removed from the mould, and 

beicks moulded with earth whose liquid content is too low, stick to the mould and will be damaged by 

the time they are removed from the mould, 


PQURED EARTH WALLS 


[lt is possible to cast bricks in situ. Here bricks are cast in crenellations which are then filled 
up. The problem of shrinkage is overcome as a result of the small size of the crenellation. ‘Small 
light modular creneilations are used which can be rapidly assembled and disassembled. This construc- 
tion method makes it necessary to proceed spirally around the structure. At present the technique is 
practiced by a number of building contractors in the United States. The earth can be poured or pumped 
just like concrete. Monolithic walls can be reinforced against earthquakes with steel or bamboo 
reinforcement. The technique was used in Brazil by the PCA in 1950. The Adriano Jorge hospital in 
Manaus, which occupies an area of 10,800 m?, was built in this fashion, There are significant crack- 
ing problems. A third technique was developed by the engineer David in the Ivory Coast in 1980. It 
consists of prefabricating stabilized earth with aggregates of varying diameter. After drying, these 
aggregates are used as they normally would be to make a concrete bound by a stabilized earth mortar. 
The technique makes use of ordinary concrete formwork. 


PAVING 


The poured earth technique is ideally suited to making of paving. Here too know-how {s indispensable, 
if unsightly cracking is to be avoided. The supporting soil must be properly prepared and drained. A 
sand or set stone foundation is required. Poured earth paving can be decorated using geometric motifs 
or else it can be given the appearance of slabs, but in that case contraction joints are a necessity. 
A multi-coloured surface, after the fashion of the Indians of the Southwest United States, is another | 

9% } 


possibility. The lifetime of poured earth paving can be enhanced through the use of surface hardeners . . LA iY _A ROMP IIS 
of waterproofing agents such as asphalt or linseed of] which gives excellent results. This technique 4 ff Yl SLITS 
is suited to both indoor and outdoor paving. Cement can be used. The technique referred to as the 4 —<—<———= “9 ) 
plastic soil - cement technique is used for making paths and even irrigation and drainage canals. In P 
the United States special machines have been developed for this technique. 
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812 STRAW CLAY 
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In this method the function of the earth is to 
bind straw stalks together. Any kind of straw 
will dos wheat, barley, rye and winter barley can 
all serve, as well as other kinds of fibres such 
as hay and heather, The straw is well carded, 15 
em to 40 cm is the optimal length for the stalks. 
If they are any longer there is a risk of nests 
being formed. Large grains are removed from the 
clayey earth. This is then dispersed in water in 
drums or barrels by means of paddles or a screw 
mixer until a greasy slurry is obtained. The 
straw is then sprinkled with the clay slurry and 
stirred with a fork. The mixture maintains a very 
straw-like appearance. The conventional formula 
calls for 70 kg of straw to 600 kg earth for an 
average density of 700 kg/m? to 1200 kg/m? (with 
A ranging from 0.17 to 0.47 W/MH) depending on the 
quality of the earth, the viscosity of the slurry 
and the degree of compression of the mixture in 
the formwork. The lightly compressed straw clay 
is used to fill fn wooden frames of thickness 
ranging from 15 em to 30 cm. There is no observ- 
able horizontal shrinkage. Slight vertical 
settlement sometimes results from a compression of 
the material. The preparation and actual use of 
straw earth require little special skil] and makes 
use of only ordinary tools. it is thus accessible 
te the greatest possible number of people, In 
view of the ease with which it is put ta use and 
the advantage of long lifetime and resistance to 
intemperate weather that it offers, there is no 
doubt that straw clay is a technique with a 


future. 





CONSTRUCTION ELEMENTS 


Straw clay can be adapted to the prefabrication of 
various building elements. These are in fact 
bricks that are laid using clay mortar. Small 
bricks dry rapidly and it fs possible to throw up 
structures quite quickly using larger bricks. The 
walis are in all cases light. As a result of 
various experiments, floor blocks (70 cm x 30 cm x 
10 cm) have been built and reinforced with con- 
crete. These floors can support a load af 200 kg 
with a deflection of 0.5 mm. Small arches (50 em 
x 50 cm x 10 cm) 4 cm thick at the key easily 
support the weight of three persons. Sections of 
wall can also be prefabricated (i.e. wooden 
frames filled with straw clay.) These vary from 1 
m2 to 4 m2 in area and are quickly installed. The 
entire house can be prefabricated. 


WALLS 


Outer walls are commonly 20 to 30 cm thick. Inner 
partitions are thinner, being about 12 em thick. 
The structure is built using either sawn boards of 
standard cross-section or else rough non-standar- 
dized timber. Depending on the load due to the 
roof, vertical posts are spaced 1 to 2 m apart. 
Their function is to maintain the formwork. Open- 
ings are. included in the fabric of the frame. 
Horizontal lintels nailed to the frame brace the 
sections filled with straw clay. The walls must 
dry for several months before rendering can be 
undertaken. The texture conferred on the walls by 
the straw helps to secure the finish. Usually one 
storey houses are built using this method, but 
with certain adaptations to the structure, multi- 
storey houses are possible. 


PAVING AND FLOORS 


Paving: Straw clay is applied in a layer 6 cm to 
10 cm thick on top of a set stone foundation 
affording protection from rising capillary damp. 
Tubular straw is selected so as to trap a maximum 
of air, which acts as an insulating agent. Con- 
ventional flooring materials should be used. 
Floors: The same procedure as for wails is fol- 
lowed but the work is carried out horizontally. 
Straw clay covers over a support consisting of 
latts wedged between planks. Another technique 
permits the underside of a floor to appear as the 
ceiling of the storey below, A layer of earth or 
lime takes care of the finish. A wooden floor is 
unnecessary since a straw clay floor can support 
more than 500 kg/m?, 
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813 DAUBED EARTH 
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This technique is commonly known as daub and continues to be used in many areas of the world. A 
weight-bearing structure, generally wooden (a frame) is filled in with daub which covers a lattice 
consisting of wooden poles tied or nailed together, a wickerwork or plaited straw support. The earth 
is very clayey and mixed with straw or other vegetable fibres. This technique is very poorly regarded 
poor rating as it is regarded as having a Jimited life. Nevertheless, a daub dwelling that is proper- 
ly planned and adequately protected against capillary rise, the caprices of the weather and rodents 
and termites, can have a surprisingly long life, leaving aside its high resistance to earthquakes. 
The Europe's heritage of rural architectural is rich in structures more than one hundred years old. A 
section of Versailles as well as part of the Faculty of Medicine in Lima, Peru were built using the 
daub technique. Daub construction js once again being practiced in the industrialized countries, and 
builders are emerging which are specialized in it. In addition, training programmes for would-be 
practitioners have been organized. This economic technique is suitable for the construction of 
dwellings for a very large number of people. The quality and lifetime of such dwellings depend on the 
degree of care that goes into the planning and execution stages. 
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COB ON POSTS 


This fis the most widely used technique in tropical 
countries. The load-bearing frame and the wattle 
panel are made up entirely of plant materials. 
These include wood, bamboo, palm trees, mock 
elephant grass, split cane and lianas. Filling in 
with earth is completed within a few days and is 
done during the dry season. The walls are quite 
thick - from 10 cm to 15 cm, The technique is 
very simple and economic and accessible to a very 
great number of self-help builders. A good faun- 
dation and a good roof assure the survival of this 
type of structure for well beyond fifty years, and 
this fs even true of regions where rainfall! is 
heavy and redents and termites are remorselessiy 
active, 
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STRAW BOTTLES 
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This technique has remained largely confined to 
Germany. Earth balls are used to fill a kind of 
basket made of plaited straw which is then coated 
with earth. As soon as this has been done, each 
straw and earth “bottle” is installed in a wooden 
frame. The units stay in position next to one 
another owing to the adhesive action of the earth. 
A large quantity of straw is required to carry out 
this technique, thus has the advantage of being 
highly insulating. The material is reminiscent of 
the straw-clay technique discussed above. 
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REELS OF EARTH 


In this technique long stalks of straw coated with 
clayey earth are wound around “spindies" of wood. 
The resulting elements are stored until they are 
half dry and then fitted in a wooden load-bearing 
structure. The earth surfaces, which are in 
mutual contact with cne anether, cause the seeis 
to adhere to cne another. There were severa} 
variations on this technique, which was widely 
used in Europe. The French word "fusée™ (spindle) 
is the term applied tc the technique used in 
Anjou, France. Although ‘t provides a high degree 
of insuiaticn and is easy to carry out, it is 
hardly used any longer. 


WATTLE AND DAUB 


This is undoubtedly one of the oldest known 
construction techniques, and ft is still one of 
the most widely used in the world today. The 
load-bearing structures and watties that ‘serve as 
a support for the filied-in daub vary in desian 
but the construction principie is the same «very=- 
where. With a view to extending the life of the 
daub the earth jis mixed fn certain areas with 
horse urine instead of water: the results are 
impressive. Daub is currently the cbject of a 
great deal of research. The ININVI, In Peru, for 
example, has conducted experiments with easy-to- 
zssemble prefabricated panels. Efforts are going 
on aS well to rediscover exactly what went into 
the "finishing touch” of former craftsmen. 


BLOWN EARTH 


Daub has remained an essentially manual! technique. 
Recently, in the context cf a large housing 
project in the ivory Coast, there have been trials 
involving the blowing of earth onto wooden, bamboo 
and expanded metal support structures. The 
technique requires the use of high-pressure 
rendering pumps. The main difficulties revolve 
around achieving the right consistency of earth - 
earth that is teo muddy {is subject to ajer 
shrinkage problems - and the obstruction of the 
jets of the pumps by plant fibres which accumulate 
in knots and balls. These difficulties have as 
yet mot been resolved and they point to the 
necessity of modifying the plant that js currently 
used for blowing earth renderings. 








189 





814 REFERENCES 





- Adobe News. Adobe codes from around the Southwest. Albuquerque, Adobe News, 1982. 
~ AGRA. Recommandations pour la conception des batiments du village terre. Grenoble, AGRA, 
1982. 

- An. Adabe brick stabilized with esphait. In Engineer ing News Record, 1948. ; 

~ An. L’habitat traditionne! veltaique. Ouagadougou, Ministere du plan et des travaux publics, 
1968. 

~ An. You know what terrone is. In Adobe News, Albuquerque, Adobe News, 1978. 

- Barnes and associates. Ablobe debuts in Tucson. In Adobe Today, Albuquerque, Adobe News, 
1982. 

- Bourdier , J.P. Houses of Upper Yolta. In Mimar, Singapore, Mimar, 1982. 

- Cervantes, M.A. Les trésors de lancien Mexique. Musé national d'anthropologie. Barcelona, 
Geocolar, 1978. 

- Charneau, H.; Trebbi, J.C. Maisons creuses, maisons enterrées. éditicns Alternatives, 1981. 

Chesi, 6. Les derniers atricains. Paris, Arthaud, 1977. 

Conescal. Cartilla de autoconstruccion pera escueles rurales. México, Conescal, 1978. 

- CRATerre. Casas de tierra. In Minka, Huankayo, Grupo Talpuy, 1982. 

~ Daveo. Procedé de constructions industrialisées et composants. Priv. com. Paris, 1982. 

~ Dayre, M. et al. Les blocs de terre compressés. Elaboration d'un savoir faire approprié. 

In Colloque L’habitat économique dans les PED, Paris, Presses Ponts et Chaussées, 1983. 

- Denyer, S. African traditional erchitecture. New York, Africana, 1978. 

- Department of Economic and Social Affairs. The development potential of dimension stone, New 
York, UN, 1976. 

- Dethier, J. Des architectures de terre. Paris, CCI, 1981. 

- Diamant Boart. Catalog, Brussels, 1979. 

~ Doat, P. et al. Construire en terre. Paris, éditions Alternatives et Paralléles, 1979. 

- Dubach, W. Yemen Arab Republic, a study of traditional forms of habitation and types of 
settlement. Zlirich, Dubach, 1977. 

~ Feuth, W. Der prektische Lehmbau. Singen~Hohentwiel, Weber , 1948. 

- Fitch, J.M.; Branch, D.P. Primitive architecture and climate. In Scientific American, 1960. 

= Gardi, R. Maisons africaines. Peris-Bruxelles, Elsevier Séquoia, 1974. 

~ Gosse, M.H. Algérie: Abadia, villages agricoles au Sehara. In A+, 1975. 

~ Guidoni, E. Primitive architecture. New York, Harry N. Abrams, 1975. 

~ Heufinger Yon Waldegg, £. Die Ziege! und Réhenbrennerei. Leipzig, Theodor Thomas, 1891. 

- Houben, H. Technologie du béton de terre stabilisé pour I’habitat. Sidi Bel Abbes, CPR, 1974. 

- Kemmerer , J.B. Adobe goes modern. in Popular mechanics, 1951. 

- bali : : Le durcissement chimique des latérites pour le batiment. Priv. com. St Quentin, 
1982. 

- Mariotti, M. Les pierres naturelles dans la construction. Peris, CEBTP, 1981. 

- Markus, T.A. et al. Stabilised soil. Glasgow, University of Strathclyce, 1979. 

~ Messuh, H.; Ferrero, A. £] centro experimental de la vivienda econémica. in Colloque L'habitat 
économique dans les PED, Peris, Presses Ponts et Chaussées, 1983. 

- Miller, T. et al. Lehmbeufibel. Weimar, Forschungsgemeinschaften Hochschule, 1947. 

Minke, G. Alternatives Bauen. Kassel, Gesam thochschul - Bibliothek, 1980. 

- Minke, @. Low-cost housing. Appropriate construction techniques with loam, sand and plent 
Stabilized earth. In Colloque L'habitat économique dans les PED, Paris, Presses Ponts et 
Chaussées, 1983. 

- NASA. Foldable patterns form contruction blocks. in NASA Tech Brief, NASA,1971. 

Palafitte jeunesse. Miniméme découvre la terre. Grencble, Pelafitte Jeunesse, 1975. 

Pellegrini. Catalog, 1979. 

- Pollack, E.; Richter, £. Technik des Lehmbaues. Berlin, Verlag Technik, 1952. 


4 


4 
ee 


- Reuter, K. Lehmstekbau als Beispie! wirtscheftlichen Heimstattenbaues. In Die Yolkswohnung, 


1925. 

Riedter. Catalog, 1983. 

Rock. Catalog, 1983. 

Rudofsky, 8. The orodigious builders. New York, Harcourt Brece Jovenovich, 1977. 

Sshéttler, W. Das Duinner Lehmbauverfehren. In Natur Bauweisen, Berlin, 1948. 

Schultz, K. Adobe craft iliustrated manual. Castre Vailey, Adobe Craft, | 972. 

Schuyt, M. et al. Les baétisseurs de réve. Paris, Chéne-Hachette. 1980. 

Smith, E. Adobe bricks in New Mexico. Socorro, New Mexice Bureau of Mines and Mineral 
Resources, i982. 

Studie. Résumé de proposition village terre de I'isie d'Abeau. Priv. com. 1981. 

Svare, T.i. Stabilized soil Blocks. In BRU data sheet, Dar-Es-Salaam, BRU, 1974. 

The Underoround Space Center Earth sheltered housing design. New York, Yan Nostrand 
Rheinhcld company, 1979 

Turbosol. Catalog, 19°74. 

Vallery-Radot, N. Des taits dherbe sage. In La maison, 1980. 

Vibromax. Catalog, 1983. 

Vidal, H. et al. Architerre habitat-paysege. In annales ITBTP, Paris, 1981. 

Webb, D.J.T. Stabilized soil construction in Kenya. in Colloque L’habitat économique dens ies 
PED, Paris, Presses Ponis et Chaussées, 1933. 

Weisch, R.L. Sod walls. Broken Bow, Purcells Inc.. 1968. 

Yurchenko, P.G. Methods of construction and of heat insulation in the Ukraine. [n RIBA journal, 
London, 1945. 





192 


900 PRODUCTION METHODS 


The variety of production methods rivals that of the con- 
struction methods. 


Three of the main production procedures are well-known 
and have nowadays attained a degree of sophistication 
simitar to that of industrially produced building mate- 
rials. These methods are rammed earth, adobe, and com- 
pressed blocks. 


Unbaked earth can therefore no longer be dismissed as a 
backward material suitabie only fer use in “underdeve- 
loped regions”. 


The guif between craft and industrial production methods 
has been bridged. Researchers, craftsmen, and builders 
using earth are no longer condemned to work with a 
material which is devoid any potential for industrial 
development. 
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901 PRODUCTION TECHNOLOGY 


DEVELOPMENT POTENTIAL 


Present day earth construction employs production 
techniques ranging from the most rudimentary and 
artisanal to the most sophisticated, relying on 
industrial, mechanized and even automated pro- 
cesses. The upper end of this range has little to 
learn from other modern production processes for 
other construction materials, including even the 
most advanced, Some turnkey stabilized-earth 
plants represent an investment of close to 
$ 71,000,000. The tendency to industrialization 
began approximately twenty-five years ago with 
among other things the production of compressed 
biocks. If today this trend has reached its 
technical fruition, it doesn't automatically 
follow that it is essential or even desirable for 
every construction project. Even so this tendency 
is now a reality which must be taken account of. 
Earth technalagy is no longer a matter of purely 
artisanal production or third world techniques 
which offer no potential for development. The 
passage from artisanal to industrial production, 
although technically possible, must obviously be 
justified by the parameters governing each part~- 
fcular case such as development policy, socio- 
economic and cultural considerations, economic and 
technical base, investment, work procedures, etc, 
For example in craft production, five people can 
produce from 500 adobes (in West Africa) to 2,500 
adobes (in Egypt and Iran) per day, with no 
investment cutlay being required. [n industrial 
production in the USA five workers can produce up 
to 20,000 adobes per day, but. with an investment 
outlay of the order of $ 300,000. Despite the 
current infatuation with mechanized systems, these 
are frequently unable to achieve qualitative and 
quantitative targets. The following remark by Joe 
Tibbets in the American magazine “Earth Builder 
is worth quoting, "A machine is no better than the 
sof? you put into it". It fs not the machine that 
guarantees the quality of production but rather 
how production is organized and the skill of the 
Operators. The real return of a mechanized 
production process is often only a tenth of what 
{s commercially claimed for it, and a product that 
looks beautiful at a demonstration may be a sorry 
sight after a few years. The fact that earth 
construction {is practised throughout the world 
today dictates that an in-depth study of the tools 
of production is undertaken at all levels of the 
production process right up ta the building and 
maintenance stages, Here we will limit ourselves 
to the three most frequently used of the twelve 
techniques discussed: compressed block, rammed 
earth and adobe. 


PRODUCTION CYCLE 


Whatever the production methods, manual or mechan- 
ical, the operations involved are almost identi- 
cal. This is particularly trus for the excava- 
tion, transport, preliminary drying, and storage 
of the raw material, and the crushing and screen- 
ing, proportioning and mixing, and drying and 
storage of the end product. It is obvious, how 
ever, that the overall production scheme must be 
adapted to each technique. Certain processes may 
be left out, split into two or switched round. 
Reference to the following scheme will help the 
builder to estimate productivity and execution 
times. 


~ TO1 EXCAVATION: of the soil from a borrow. 

- TO2 ORYINC: by spreading jin thin layers or 
small ventilated heaps or passing through a 
hot-air cyclone. 

- TO3 STORAGE: of a reserve of raw or prepared 
soil at the work site, 

- TO& SCREENING: if the soil contains too many 
large stones, which have to be removed. 

- TOS PULVERIZING: to break up clayey aggrega- 
tions. 

- TO6 SIFTING: to eliminate undesirable elements 
after general preparation. 

- TO7 DRY PROPORTIONING: of the earth by weight 
and by volume with a view to mixing it with water 
and/or stabilizer. 

- TOS DRY MIXING: to maximize the effectiveness 
of powder stabilizer. 

- TO9 WET MIXING: this consists of adding water 
by spraying after dry mixing correctly or directly 
in the form of a liquid stabilizer. 

- T10 REACTION: variable hold-back time depending 
on the nature of the stabilizer; very short for 
cement, longer for lime. 

- T11 TRITURATION: should be done just before 
using the soil. 

- T12 MOULDING: the final shaping of the earth 
using various processes, 

- T13 CURING: best carried out under the same 
conditions pertaining during the first drying 
stage. 

- T14 SPRAYING: spray, if necessary, to moisten 
the stabilizer properly. 

- T15 DRYING: should be carried out for a suf- 
ficiently long period to ensure an acceptable 
product quality. 

- T16 FINAL STORAGE: stock of products for 
immediate use, 
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OVERALL PRODUCTION SCHEME 
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02 EXCAVATION AND TRANSPORT 
EXCAVATION 


The problems involved in excavating earth required 
for construction purposes are about the same for 
all earth construction techniques with the excep- 
tion of dug-out dwellings. Similar problems are 
ancountered in connection with the excavation of 
the materials used in the ceramics industry, the 
cement and binder industries, stone quarrying and 
even agriculture and road building. These prob- 
lems are dealt with very extensively in the 
specialist literature. Methods of excavation vary 
in accordance with several factors where geologi- 
cal and engineering problems and economic con- 
siderations are the overriding concerns. A number 
of problems must be tackled well before excavation 
is actually undertaken with a view to optimizing 
the work and streamlining its organization. From 
the geological and engineering viewpoints, for ex- 
ample, the following questions must be considered: 
What type of soil fis required and at what depth? 
What area having what boundaries will be worked? 
What will be the angle of dip of the borrow? What 
preparatory work will be necessary as regards for 
example, clearing away undergrowth, levelling 
vegetation, the removal of stones and the use of 
explosives? Should contingency plans be made for 
the storage of organic soil with a view to reusing 
it for agriculture or forestry? Is the soil 
horizon to be worked homogenous or mixed and 
stratified? is the terrain adequately drained or 
must drainage of the borrow be planned 


for? ts the terrain sufficiently stable to guar- 
antee the safety of the excavation personnel? Is 
it safe to use heavy machinery? What excavation 
plant is available = manual, artisanal, agricul 
tural tools or mechanized, motorized plant. If 
machines are available, are they heavy or light, 
static or mobile? ts manual excavation toa be 
preferred over mechanized. or vice-versa? If the 
soil is not stratified, will the most suitable 
mode of excavation be horizontal and hence either 
manual or mechanized, or will it be vertical thus 
giving rise to several layers and necessitating 
the sinking of shafts and the use of explosives? 
How is the raw excavated material to be transport- 
ed from the borrow? What is the most feasible 
overall economic strategy in the regional context? 
How can the exploitation of the deposit be managed 
as efficiently as possible from every conceivable 
viewpoint and the entire operation be optimized? 
What legal regulations are in force? How can the 
site be cleaned up properly? . 

These are some of the many questions that must be 
asked before even thinking of picking up a shovel 
or putting oneself behind the controls of a 
scraper. 

The exampie of Bourkina Fasso is instructive as 
regards the economic aspect of such an undertak- 
ing. There it was decided to excavate earth man- 
ually and transport it by means of donkey carts. 
In this way ten persons were provided with work 
over a period of two years. If a powerful bull- 
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dozer had been used, the same job could have been 


completed in four days at the same cost, bSut 
roobing ten peopie of work. 


TRANS PCRT 
The engineering factors determining the mede of 
transport of the soil relate to the nature of the 
soil, its moisture content and the conditions 
under which the borrow jis being worked, Fram the 
logistic point of view, transport problems should 
be taken into account at every stage in the 
overall production precess, but such problems ere 
not in fact specific to unburnt soil tschnolaogy. 
They must also be faced when working quarries 
containing other materiais as well as the later 
phases invoived in the preduction of duiiding 
components. Consequently transport must be 
considered both when working the berrow and leter 
stages of provisioning the >rick production area 
and conveying the materia! to the construction 
site, directly (¢.g. rammed earth), or after the 
groduct nas been manufactured (e.g. adobes). in 
order to plan transpert effectively the following 
factors must be evaluatad: she distances involved, 
che suitability of the ground for the construction 
of roacs, access and the whether an existing road 
network can be used or not. Transport around the 
edge of the site and the construction of ap- 
proaches to the area being worked so as to provide 
transpert. with a maximum of manoeuvrability, and 
soil stability where traffic involving heavy piant 
is likely, are also problems that must be reckaned 


with. The safety of the werkers whose job it is 
to excavate the material, of the transporters 
themselves, that of the production staff who work 
near the brickyards and of the workers at sites 
clese to storage areas must also be considered. 
In tne final analysis, the preceding problems 
represent tecnnical choices about the appropriate 
transportation strategy and mode of transport. 
Thay must be jointly assessed in the light of the 
following factors: the geological and engineering 
restrictions on the cperation of the borrow, 
technical and focal economic limitations imposed 
by the production area and the construction site, 
and lastly, the overall economic considerations 
which will determine che opcimal managemert of the 
production process. Next comes the choice of 
tools, which will be determined by their availea- 
Gility or non-availability as well as the cost of 
using them. Depencing on the context, the most 
suitabie mode of transport will be manual, draught 
animial, or by moter vehicle, in which case, the 
energy costs of ‘transport must be taken jnto 
account. In cases where a large borrow site is 
close to a large-scale project, it may be feasible 
to build up a system of cable cars or telpher 
carriers, belt conveyors, mining cars on rails, 
etc. In most cases the transport problem is 
fundamental to the truly economic management of a 
project, and it frequently becomes necessary to 
reduce the strain on this link in the production 
chain to a minimum, 
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903 PULVERIZATION AND MIXING 
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GRADING - 


For every earth construction technique there is a 
preferred grading for the material. Such grading 
requirements should be respected or approached as 
closely as possible in order to ensure the quality 
of the processed preduct or that used in construc- 


tion, Upon excavation soil can present the two. 


following major deficiencies. 

- 1 - TEXTURE DEFICIENCY: in this case the earth 
contains either too much or too little of a given 
grain fraction, e.g. too much clay and insuffi- 
cient sand. This occurs, for example, when the 
earth contains too many large stones or too much 
plant material in the form of roots for example. 
The removal of coarse material (stones or roots) 
is fairly simple: removal by hand of stones, 
cleaning and screening, dither manually or by 
machine. To remove an excessive amount of a finer 
fraction is a more delicate operation. {t con- 
sists of screening to the required sieve size or 
screening several fractions separately and then 
reconstituting the soil; while clays must be 
leached out. Both are cumbersome procedures which 
hamper production and can push up costs. Care 
must also be taken that the undesirable grain 
fraction is properly separated; because if it is 
trapped in a layer of other material, the opera- 
tion becomes difficult and leads to a structural 
problem caused by the decomposition of the soil 
into independent grain fractions. in contrast 


adding a missing grain fraction is a simple mat~- 
ter, and results in the improvement of the soil. 
it is carried out by mixing. 

© 2 = STRUCTURAL DEFICIENCY: It is sometimes 
desirable to break up, crush or pulverize a 
fragmented or consolidated soil. Pulverization js 
often indispensable in the case of compressed, 
cement or lime stabilized blocks and is largely 
responsible for ensuring the quality of the 
product. When a soil {s well-composed into 
required distinct grain fractions and sieved, the 
grains, water and powder stabilizer will be evenly 
distributed and the product be of excellent 
quality. 


it is thus often necessary to carry out prelimin- 
ary work on the texture and structure of the soil. 
This operation is either manual or involves tools. 
Machine designers have developed specific screen- 
ing, crushing and pulverizing equipment for such 
work, However, depending on the conditions in the 
region, manpower or tools borrowed from another 
sector such as agriculture or public works may be 
able to serve the purpose. 


HYDROUS STATE OF THE EARTH 


GRADING MODE 


MANUAL SELECTION 
MANUAL. SCREENING 
VIBRATING SCREEN 


MOTORISED 


WASHING 


‘VIBRATING SCREEN 


NATURAL. BREAKDOWN 
BREAK UP BY WATER 
EARTHRAMMER 

ROLLER 

.PULVERIZER OR CRUSHER 


STRUCTURE 


MOTORISED UNMOTORISED MOTORISED 


ROLLER 

PULVERIZER OR CRUSHER 
POWER CULTIVATOR 
AGRICULTURAL CRUMBER 
CRUSHING BY TRUCKS 
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MIXING 
Few soil can used straight from the ground. 
Usually it must be prepared in some way or other 
such as being crushed, sieved or pulverized before 
being mixed, which is the last stage prior to 
construction. The importance of mixing shouid not 
be underestimated, amd is just as important as the 
prior operation of puiverization. /€ ensures the 
subsequent quality cof the product and of the 
structure itself. It aise guarantees that the 
structure js built econemically in the sense that 
it optimizes the proourtions of the materials and 
additives, if stabilizeticn is carried out. Mix- 
ing can be between the ingredients cf the sane 
soil separated out inte distinct grain fractions, 
between different soils (in the case cof scil 
improvement}, or between a soi! of a particuier 
type and other soils to which water, stabilizer, 
etc. have been added. On the other hand enly dry 
materials and liquids, or liquids and liquids can 
be mixed. Mixing dry and moist materials poses 
certain problems. This fs particularly the case 
when stabilization {is carried out with powdered 
hydraulic binders, like cament and lime. {in such 
cases, 4 preliminary dry mixing stage is essen- 
tial. Water is only added afterwards by. the 
progressive sprinkling of small quantities. The 
planning that must precede the mixing of soil is 
very different from that prior te mixing concrete, 
because while concrete fs not cohesive, soil fs, 


and fence with earth there is a risk of formation 
of jumps and crumbs that could reduce the strength 
of the material. It fellows that the conventional 
concrete mixer is not up to the task. A longer 
mixing time and a sturdier piece of equipment 
fitted with a more powerful moter is required. 
Cleaning the equipment is in this case a more 
tedicus process, Mixing can be carried out 
manually using a shovel or treading by feot, or 
mechanically using specialized machines or mach- 
ines berrowed from other sectors such as agricul- 
ture, road works or the ceramics industry. The 
metned of mixing adapted will depend on the 
quality of tne sofl, the building technique used, 
f.@. biocks, rammed earth or other, the desired 
quality of the product and the structure, the 
conditions under which production takes place in 
the context of the cperation, the degree of skill 
avaitable, limitations of price, energy and a 
social nature (cerganization of the work) - ail of 
which must be optimized. 


HYDROUS STATE OF THE EARTH 


SHOVEL 
TRAMPLING 
RAMMING 
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PLANET WHEEL MIXER 
VERTICAL MIXER 
PUGGING MILLS 
SCREW MIXERS 
TURBOMIXER 


PADDLE MIXER 
LINEAR MIXER 
POWER CULTIVATOR 
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HORIZONTAL VERTICAL ANIMALS 
SHAFT SHAFT 








F04 RAMMED EARTH : PRODUCT ION AND PRODUCTS 
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NOTES 


- It should be borne in mind that the crew that 
produces the building material is the same crew 
that constructs the house. 

= The production chart for stabilized rammed 
earth illustrated above clearly points up the 
complications caused by stabilization. 


* Stabilization imposes a higher degree of 
organization on the production process suffi- 
cient to ensure that there fs no slowup in the 
fabrication of the construction material or the 
construction itself. 

* Stabilization makes these operations neces- 
sary. 





1 - PRODUCTION 


In theory the production of rammed earth is a 
fairly straightforward affair: earth tipped into a 
formwork is crammed. The ideal conditions of a 
high-quality earth and the right moisture content 
do not always coincide. An oversophisticated 
technology can invalidate the original simplicity 
that characterizes rammed earth construction. 
There are numerous technological variations 
depending on the part of the world in which the 
process is carried out. 


2 = PRODUCT 


The appearance of rammed earth is highly variable. 
To simplify matters it can be stated that there 
are two classes of rammed earth: the gravelly 
variety and the very fine variety. The visible 
particles of gravel are used to hold the render- 
ing. The variation in the appearance of rammed 
earth also arises from the finish with or without 
pointing with mortar, for example. 


3 = PRODUCTION SEASON 


In temperate regions no rammed earth construction 
should be carried out three months prior to and 
during the months in which frost can be expected. 
In wet climates the rainy season is avoided, and 


in a hot dry climate, the hottest months are to be ~ 


avoided. The local economy, particularly if it is 
agricultural, may aiso dictate work priorities. 


4 - WORK CREWS AND PRODUCTIVITY 


The size of the work crews varies according to the 
nature of the construction site and numerous local 
factors. Crews consisting of five or six workers 
are suitable for small construction sites. Pro- 
ductivity will depend to a very great extent upon 
working conditions and the design of the building. 


MANUAL OR | HIGHLY 

MECHANISED | MECHANISED 
INVESTMENT ($) | 200-6000 20 000 
CREW 


(WORKERS ) 














- Preparation 
- Transport 
- Construciton 










OUTPUT (h/m?) 
- Very good conditions 
- Good conditions 
- Bad conditions 
~ Very bad conditions 
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RAMMED EARTH WITH PERPENDICULAR RAMMED EARTH WITH SLANTING MONOLITHIC RAMMED EARTH: Con 
JOINTS: Constructed with an end JOINTS: Constructed without structed in continuous fermwork, 
in the section. section ends. 


RAMMED EARTH BETWEEN POSTS: The RAMMED EARTH iN SMALL PiERS: RAMMED EARTH IN LARGE PIERS: 
ramming sections dear on the Tied together by ring beams. Tied together by ring beams. 
posts. 





RAMMED EARTH IN SACRIFICE RAMMED EARTH IN METAL GABIONS: RAMMED EARTH IN SACRIFICE 


FORMWORK: Outer facing in rough= Suitable for expansive earths. FORMWORK: Outer facing in 
bonded stcne, pebbles or burnt bamboo. 
brick, 
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905 RAMMED EARTH : PREPARATION OF THE EARTH 


The soil used for rammed earth construction is characterized by its variable cohesion in the natural 
state. Production can be facilitated or complicated depending on the cohesiveness of the material. 
Moreover, while adobe or compressed block technology can tolerate some variation in soil quality - 
which can be compensated by taking the appropriate measures in the production phase to ensure the 
quality of the structure - rammed earth technology is less flexible. The quality of a house built in 
rammed earth depends to a great extent upon the soil being of a consistently high quality. The raw 
material excavated from the borrow must meet this requirement for a material of a 


1 = SOIL EXCAVATION 


~ MANUAL: This operation makes use of simple 
manual tools. These are generally the same as 
those used in the agriculture, mining or road 
construction and include picks, mattocks, spades, 
shovels crowbars, rakes, etc. Manual excavation 
requires a great deal of manpower. 


- MECHANICAL: Various mechanica! devices can be 
used. The mechanical shovel can be variously 
fitted out to match the work: as a high loader, 
excavator, grab, or clamshell excavator, A bucket 
chain excavator is suitable for working an even 
embankment with a gentle gradient. A bulldozer 
with blade, an angledozer or a scraper can be used 
for the horizontal excavation of large volumes of 
earth. A power cultivator fitted out with a 
cutter has the advantage of combining excavating 
and aeration operations and, in addition, render- 
ing the earth highly homogenous. DOuai-purpose 
machines capable of performing the functions of 
both excavation and elevation significantly 
increase the productivitiy of the production 
process and to some extent make scaffolding 
unnecessary. 


2 = SCREENING 


lt is frequently necessary to screen the earth to 
be used in rammed earth construction. This can be 
done by removing the largest stones manually, i.e. 
those having a diameter greater than 50 mn, 
Static screens be used with equal success. These 
are set up horizontally or obliquely and the mesh 
size should correspond to the desired grain size. 
As soil suitable for ramming is a powdery mate- 
rial, most vibrating screens are eminently suit- 
able for processing it. 
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ooo a 
more uniform quality. in non-stabilized rammed earth construction, builders must ensure that the 


earth to be used satisfies the selection criteria, and this in particular with respect to its texture 
and moisture content. This simplifies the entire production process, though this is not the case when 
other stages such as screening, pulverization and dry and wet mixing are necessary for example for 
cement or lime stabilization, Too wide a departure from the limiting grain size distribution curves 
has, among other things, a very harmful effect on the cost of production as well as on productivity 
and en the quality of the product. 


3 - PULVERTZATION 








If earth is to be rammed, it must be pulverized. 
This also applies to excessivaiy clayey earth 
containing hard lumps ard to which a sendy frac- 
tion must be added. It is advisebie to group the 
cuiverizing, grating and mixing cperations togeth | 
er. With regard to improving ciayey soil with 
sand, processing the ciayey fraction ana the sancy 
component in the pulverizer in alternating fashion 
will result in a premix of reasonable quality. 
The mixture goes through the following sequence of 
further overations: transport, elevation and 
distribution within the formwork. The pulvertzer 
must be a sturdy machine able to nandle stony and 
sandy soil, and it must be able to project the 
eerth a certain distance in order to ensure good 
aeration and proper premixing. 


& - MIXING 
} 

Mixing is advisable when the soil requires 
homogenization or when it is desirable to add a 
stabilizer. The most suitable piece of equipment 
for this operation {fs a concrete mixer, but a 
motor cultivator also gives good results {in inost 
cases. 


9 = fRANSPORT 


This is one of the majer probiems in rammed earth 
technelogy. Enormecus quantities of earth are in 
fact required in the construction process. The 
material must ve transported horizontally from the 
borrow to the construction site, and must be 
transported vertically as well to the required 
level. Traditionally, workers who buiid with 
rammed earth use manual labour te carry the soi} 
im heavy or light baskets or other receptacles 
from the borrow ta the construction site, the 
material then being raised by ladder or scaffald 
to where it is used. The same task can also be 
carried out in a highly efficient manner by means 
of hoists. Rendering projectors have been adapted 
to the same end. The adaptation was a complex 
affair as the material is net liquid. From a 
central position the earth can be pumped to 
anywhere within 40 to 50 m ta & height of 10 m. 











906 RAMMED EARTH : PRINCIPLES OF FORMWORKS 
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Experience shows that formwork is most effective when it is small and simply designed. It must be 
solid and stable in order to resist the pressure and vibrations resulting from the ramming (a minimum 
of 300 daN/M?). It must be easy to manage, i.e. Tight and easy to assemble and dismantle - plumb, fit 
and fastening must be good. Lastly and most importantly, the formwork must be perfectly capable of 
accomodating changes jin height, length and thickness of the walls. Good design plays a major role in 
ensuring the productivity of rammed earth construction. A broad range of materials can be used for 
the formwork, such as, for example, wood in Morccco, logs in China, aluminium in France, steel in 


Algeria, and glass fibre, 
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KEEPING THE FORMWORK IN POSITION 


Qnce the formwork has been set up and put in 
position, it must be securely fastened. Builders 
have developed various systems to this end. 


1 = BIG CLAMPS AND LARGE HOLES 


The clamps are solid cross-pieces as thick as a 
rafter and provide a support for the boards of the 
formwork, The system is traditional jn countries 
such as Peru and Morocco and many others. With 
this type of clamp, large holes appear in the 
rammed earth when the forms are removed. Ideally 
the clamps should be slightly conical so that they 
can easily be removed without damaging the rammed 
earth. If they project from the boards of the 
formwork, planks serving as scaffolding can be put 
fn position. The whole setup is quite heavy and 
vulnerable. A siedge-hammer is required to remove 
the clamps. 


2 - SMALL CLAMPS AND SMALL HOLES 


This system is based on concrete formwork tech- 
nology. Threaded steel rods, concrete bars or 
fiat iron bars serve as clamps. Only small holes 
appear upon removal of the forms. The bars must 
be of a large enough cross-section to enable them 
to support the forms and avoid the shearing of the 
rammed earth. Sheathing fn sections of plastic 
tubing affords a solution to this problem. 


3 - WITHOUT CLAMPS OR HOLES 


This is the system of keeping the formwork in 
place which all builders dream of, Designers have 
settled on two solutions : 

- 1 - INDEPENDENTLY GRIPPING FORMWORK; 

The boards are kept in place by a tensioning 
device or screw-locking system or - yet another 
possibility - locking hydraulic jacks. 

- 2 > FORMWORK ON POSTS: 

to eliminate the risk of bulging walls, care must 
be taken that the distance between the posts is 
not too great. This system is widely used by the 
Ceped of Brazil. 


ORGANIZATION OF FORMWORK 


The organization of the construction site, the 
plant and manpower available, execution times and 
the desired result, the architectural plans ard 
the type of finish desired can all have a major 
effect cn the choice of a fdérmwork system. 


L = FORMWORK CONSISTING OF SMALL UNITS 


- 1 = HORIZONTALLY SLIDING FORMWORK: This system 
has been traditienaily adepted for ranmed earth 
construction, This type of formwork system was 
developed by craftsmen and differs widely. The 
System uses fastening systems which follow the 
principles elaborated above and kas the following 
major advantages: iightness, manoeuvrability of 
the equipment, adaptability. 


- 2 * VERTICALLY SLIGING FORMWORK: This system 
is ideally suited to the construction of ranmed 
earth walls in piers. it facilitates and greatly 
accelerates the erection of a structure but the 
formwork must be carefully designed. The vertical 
elements holding the formwork in position can be 
formmerk bottoms, construction posts or externa} 
frames. 


2 - INTEGRAL FORMWORK 


Most attempts at using this concrete construction 
technology have produced rather disappointing 
results. The reliability of the system is highly 
dependent upon the architectural design, namely, 
on whether the iatter features such characteris- 
tics as modular dimensions, full walls with 
independent bays and ultracsimple drawings. 


- 1 + INTEGRAL HORIZONTAL FORMWORK: A ring of 
formwork is moved vertically. Success demands 
that the elements be light and that assembly and 
disassembly be easy and rapid. The chief ob- 
stacles are the joints between the boards, hori- 
zontal alignment and the maintenance of plumb. 


- 2 + INTEGRAL VERTICAL FORMWORK; This type of 
formwork lends itself to the construction of large 
piers, contained in formwork for their entire 
height. In order to facilitate ramming, only one 
Side of the formwerk is completely erected. The 
second is erected as the wall is constructed. 


- 3 * INTECRAL - INTEGRAL FORMWORK: The formwork 
for ‘the building is put up at a single go. This 
System was adopted in Morecco in the 8TS 67 
project. Projects using this type of formwork 
should be small and offer easy access inside the 
formwork. 
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907 RAMMED EARTH 


MOVING FORMWORK 


The moving of formwork poses a serious problem for workers when they are perched at a height of 7 m 


TYPES OF FORMWORKS 
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above the ground on a 40 cm thick rammed-earth wall. The safety of the work jis essential. As a 
general rule, the lightness and manceuvrabilfty helps to ensure safety. Means have been sought to 
avoid the total dismantling and reassembly of the formwork after moving. 
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1 - GANTRY FORMWORK 


This technique is best suited to the construction 
of piers or wall sections. The formwork is light, 
consisting of simple planks, plywood panels or 
even billets which are kept in position by wooden 
supports driven inte the ground and secured at the 
top. This type of system is used in Chinese 
rammed earth construction. The GHK in Kasse! has 
reintroduced the technique with a system involving 
a wooden hinged frame, fastened by threaded rods. 


2 - FORMWORK WITH ROLLERS 


The concept of a mobile travelling form based on 
the use of rollers was originated by the Austra- 
lian G.F. Middleton, as early as 1952. The system 
is suitable for the construction of straight walls 
but requires stationary formwork for bays, corners 
and partition walls. 


3 - SLIDING FORMWORK 


Various attempts have been made to adapt the slid- 
ing forms used in concrete construction. Up to 
the present time the various realizations are 
somewhat laborious affairs, though they work quite 
well. 


4 - LEAPFROGGING FORMWORK 


A succession of forms is constituted by a vertical 
serfes of panels. The principle was revived by 
the Rammed Earth Institute International, Color- 
ado, USA. Two sets of formwork panels are requir~ 
ed. Panel number one is placed in position three 
and then in position five; panel number two is 
placed in position four and then position six. 
The system performs rather well but does not solve 
the problem of corners or the bonding of walls. 
Its primary advantage is that the lower panel 
serves a8 a support and reference for the one 
above. 





FORMWORK SHAPES. 


Most formwork used, whether horizontal or vertical, are designed on the principle of straight panels 
which yield flat surfaces. Research work has been carried out to find ways of getting away from the 


limitations this imposes. 


1 - PLANE AND PERPENDICULAR SURFACES 


This is the mest frequently encountered set-up, 
being used as cften in traditional rammed earth 
construction as in modern rammed earth buildings 
reqardiess of the type of formmork used. The 
principle is simple and does not give rise te any 
complex problems, 


2 - BATTER 


This formwork can be used to produce plane perpen- 
dicular or plane inclined surfaces otherwise known 
as the "batter”™ of a wall. The slope is toward 
the centre of the wail and progresses as the wa'l 
rises. Only the outer face or both faces ef the 
wall can be battered, and simple wooden packing 
cieces ‘or wedges known as "batter fixers"? can be 
used to effect this design. The batter lightens 
the mass of the wall in. proportion to its rise. 


3 - CURVED SURFACES 


With certzin types of formwork it {is possible to 
make curved surfaces. This can be a matter of 
curving walls at corners or the construction of 
buildings with curved walls. The concept is well 
known in the Chinese tradition of rammed earth 
construction as illustrated in the “round build- 
ings" of the Hakkas of the Central Plateau. The 
development of such formwork was the subject of a 
recent project in the context of the Earth Village 
Project on the French Isle d‘Abeau. 


4 - COMPOSITE FACE DESIGN 


A formwork system using modular paneis makes it 
possible to fashion surfaces composed of smai! 
vertical faces. The ccneept is suited to the 
production of diverse shanes including posts of 
geometrically variable cross-section. The design 
of the system is rather compiex but the concept 
continues to prove practicable and should become 
simplified with. time. 
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708 RAMMED EARTH : 


FORMWORKS FOR CORNERS 


a a a 


In rammed earth construction the building of corners between wails requires the use of special forme 
The play allowed for in the formwork for sections of perpendicuiar wail can prove to be inade~ 
These can be fashioned all of a piece or by the 
The provision of chamfered edges reduces the erosion 
The "“T-system™ used for bonding partition walls assumes the same principles as 


work. 


quate if insufficient attention is paid to corners. 


alternate, perpendicular overlapping of boards. 
of outside corners. 
those applied to the corners. 
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piece, 


modular 


1 = CORNER POSTS 


These can be constructed 
in concrete which can be 
poured -either before or 
after erection of the 
rammed earth walls. Cor 
ners can be constructed in 
stone or brick masonry but 
should be toothed with 
(conventional ) rammed 
earth. 


2 - FORMWORK ENDS 


This is the system adopted 
in the Moroccan tradition 
of rammed earth construc 
tion. It fis reminiscent 
of ordinary brick bonding. 
The corner results from 
the perpendicular over- 
lapping of the rammed 
earth sections siabs in 
both directions. 


3 = NON-MODULAR 
FORMWORK 


Each corner is constructed 
using a special element 
adapted to the particular 


conditions resulting from 
the use of non-modular 
formwork. 


4 - MODULAR FORMWORK 


In this system corners are 
constructed as ai single 
coupling the two 
inner panels and using a 
formwork on the 


outside. The design and 


external dimension must be 
very precise. 




















5 = INTEGRAL CORNER 


This system can accomodate 
the setting up of a form= 
work that can form = af 
integral corner from the 
bottom all the way up tos 
the top of the building 
under construction. In 
this way it takes care of 
the very tedious proolems 
of plumb and adjustment. 

6 = SYMMETRIC 

FORMWORK 


The formwork for both 
inner and outer faces is 
modular and symmetric. 
This system solves the 
preblem cf adjusting the 


panels, but it does not 
altogether eliminete the 
risk of a corner separa- 
tion crack. é 
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7 = ASSYMETRIC 
FORMWORK 


This systam is sounder 
than the completely sym- 
metric corner, given that 
the forms can be inverted 
thus eliminate the danger 
of § corner separation 
cracking. 






8 = VARIABLE FORMWORK 

















The angie of the corner 
being formed can be varied 
by means of systems that 
{incorporate regular or 
lift-off hinges. These 
systems are delicate and 
always pose the problem of 
gauging the fit of the 
panels. 


9 + ROUNDED FORMWORK 


This corner requires spe- 
cial formwork, produced on 
the site, which can accom= 
modate architectural fea- 
tures. The corresponding 
operation is very deli- 


cate, costly and difficult 


to carry out. 












































209 





909 RAMMED EARTH : RAMMERS 





a, 
CONVENTIONAL RAMMERS F Ramming is a slow and tedious task. Various machines can be used, most of them heavy. They exert a 
These are designed for manual ramming of the earth and consist of a mass of wood or metal fitted with saat. dwal oF Geadsura: OAokne tS x Bein eacbaner haem different compaction energy, which is 

: : grea rMWOrK . ; : 
a weighted handle. The diversity of the design of the tool as well as the vocabulary used to desig- : . : 
nate it throughout the world is very great. In certain countries several kinds of rammers are used in dependent on the ratio between the number of passes, the speed oe te ora pian) cick aan nig 
the same: structure depending on the job and layers of uncompacted earth. The cost of such machines is highiy variable and ranges from $ 3500 to 
a $ 1500. 
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1 = PARAMETERS 


The most important factors in the design of a 
conventional manuai rammer are as follows: mater- 
jai, weight, area, shape, striking face, type of 
Randle and size. 


2 - STRIKING FACES 


Rounded striking faces spare the formwork but are 
less effective in corners. Rounded edges are 
enough to prevent damage to formwork, <A prism 
shaped flat striking surface gives the best 


results as far as highly advanced research has 


been able to determine. A striking angle of 60° 
appears to give similar results, but effectiveness 
falis off quickly as the angle becomes sharper. 
Thus, for example, a striking angle of 45° could 
result fn a 36 % loss of effectiveness. Special 
conical shapes and wedge shapes permit access to 
difficult areas such as the angles in formwork or 
under clamps. 


3 - STRIKING AREA 

This should preferably be in the neighbourhood of 
64 om?, Research shows that an area of not 
greater than 225 cm? ensures maximum effective- 
ness, 


4 - STRIKING HEAD 

This is usually made of wood or metal. The 
striking head of wooden rammers is protected by a 
metallic plate to reduce overly rapid wear. 
Metallic rammers are more solid and easier to 
handle as their heads are smaller. They are 
heavier and their striking face must large enough 
to prevent penetration into the formwork. 


5 ~ WEIGHT 

The recommended weight of a wooden or metallic 
rammer is between 5 and 9 kg. This can vary 
depending on the size of the rammer and the 
strength of the person doing the ramming 


6 - HANDLE 


Rammers can have either a single or double handle 
made of either wood or metal. A hollow handle 
removes all restrictions about the way the rammer 
is weighted. The size of the handie is adjusted 
to the person doing the ramming and varies from 
1,3 m to 1,4 m. Handles equipped with a sliding 
mass which strikes the earth a second time also 
exist. 








1 - IMPACT RAMMING 


- 1 - PNEUMATIC SAMMERS: These have been directly 
copied from che foundry industry where they are 
used te settie send in moulds. Their mode of 
functioning imitates that of a menual rammer but 
they are capable of a much hicher impact frequency 
(up to 700 strokes per minute). Of all the pneu- 
matic rammers availabie, only the "soi!" rammers 
are effective, of which there are numerous com- 
mercial types (Atlas Copco. Ingersoll-Rand, 
Perret, etc.). Pneumatic rammers must be aeither 
too heavy (15 kg maximum} aor too powerful, should 
they destabilize the formwork and cause the rammed 
earth to bulge or should they penetrate the earth. 
They should have a long stroke (approximateiy 20 
cm) and run on regulated air. They should be able 
to attain a pressure of 5 daN/cm*- and barely 
beyond that. Compressors are very expensive, 
costing about $ 5000. Notwithstanding the ex- 
pense, however, ramming carried out by a pneumatic 
rammer is highly effective, and if the sail is of 
a high standard, the quality of the rammed sarth 
1s excellent. 


- 2 * PICK HAMMERS: The idea of transforming a 
pick hammer by fitting it out with a special 
ramming plate has already been tried. These tools 
are, however, too powerful, and can set up reso- 
nance vibrations within walis thereby splitting 
the material. 


2 - VIBRATION RAMMING 


* 1 = VIBRATING PLATES: This method was deve- 
loped by the CHK in Kassel. [n ft, a motor with a 
eccentric rotating mass transmits vibrations to 
the plate, thus causing the machine to move. A 
switch enables the operator to determine the 
direction of this movement, and the machine then 
functions automatically. The ratio between the 
weight of the machine, the speed of operation and 
the vibration frequency is difficult to set. 


- 2 = VIBRATING RAMMERS: Versions of these 
machines powered hy combustion engines or electric 
motors are available on the market. They are 
heavy, cumbersome and expensive, Their use has 
been the object of numercus tests with very modest 
results and constructors are advised against using 
them, 
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? 10 ADOBE : PRODUCTION AND PRODUCTS 
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NOTES 

This production chart applies to the conven- 
tional manual production of adobe bricks 
stabilized with asphalt (in the form of emul- 
sion and cut-back). 

* Stabilization makes this operation necessary. 











1 = PRODUCTION 


The preduction of adobe bricks constitutes one of 
the simplest processes by which construction mae 
terials are made. The historical and geographical 
aspects of this process are extremely varied. As 
a result an almost infinite variety of preduction 
procedures could be described. 

Adobes can be produced using liquid or plastic 
soil with or without any of a wide variety of 
moulds. Plastic earth can furthermore be used for 
production by extrusion. 

In contrast to compressed blocks and rammed earth, 
adobe {is malleable and fragile during the produc- 
tion process. Each brick must be dried individ- 
ually. The total production area is thus very 
extensive. 

if the process is mechanized, the first candidate 
is often excavation, followed by mixing and with 
moulding coming last. 


2 = PRODUCTS 


Adobes come in numerous shapes but the list is not 
nearly as long as that of the types of compressed 
blocks. The production technique is such that 
only massive forms are possible. 


3 - PRODUCTION SEASON 


Each technique and every region throughout the 
world imposes its own characteristic limitations 
on production. The drying of adobes, as it is 
highly dependent on the good will of the weather, 
is the most important single limitation. Aeccord- 
ingly the production of adobes ceases jin cold 
weather and sometimes in extreme heat as well. 
Many brickyards are set up on river embankments so 
as to be able to make use of flood deposits. Such 
@ source of earth can impose limitations as the 
production ¢érea must be periadically cleared 
for the flaods. 


4 ~ CREWS AND PRODUCTIVITY 


The size of crews and productivity are extremely 
varied. The outputs appearing in the table below 
take account cf all the operations involved in the 
process, including excavation and storage. 















MECHANISED 300 000 
SEM-MECHANISED 50 000 
MANUAL HIGH 0 





MANUAL LOW 0 
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CCNVENTIONAL ADOSE BRICKS: These can he fashioned by hand withcut a mould. They have various 
shapes, conical, cylindrical, pyriform or cubic. They can be moulded in -wooden frames biccks or 
mechanically. In this case they are prisms, cubic or parallelepipeds and their dimensions highly 
variable, ranging from a length of from 25 cm to 60 cm, 





SPECIAL ADOBE BRICKS: These may be intended and desiqned for either conventional use or something 
out af the ordinary. Such adobes, for example, have grips so that they can be kept more secureiy in 
position (as in domes or arches), interlocked with other structures or have special decorations or 
markings, and so on. 


ANTIEARTHQUAKE ADOBE 8R!CKS: Specially shaped, they are more resistant to earthquakes. Their 
special design makes them suitable for use with antiearthquake structural systems (e.g. ceinforced 
wails). 
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911 ADOBE : PREPARATION OF THE EARTH 


(ce SSS SSS 
Soil suited to making adobes has a rather clayey or very silty texture and is quite cohesive. This 
cohesiveness makes excavating the earth, whether dry or wet, a difficult task. The excavation sites 
are often waterlogged and muddy. The traditional method of preparing the earth is thus laborious and 
is done on foot. The soil must be prepared with great care in order to ensure a high standard of 
adobe. Today there are other methods of preparation, some of them mechanized. <A third category, 
lying between the first two, utilizes draught animals. The last two preparation techniques are 
obviously more expensive than the first. 


CHOPPING THE STRAW 


Plant fibres, generally straw, are frequently 
added to the soil. The stalks are cut using 
sharpredged tools. However, manual and power 
straw choppers are commercially available which 
are capable of cutting large quantities of straw 
and other fibres into length of between 1 and 
30 cm. The normal price of such choppers starts 
at. $ 1,000 for the manual type and $ 1,500 for 
motor-driven ones. Fibre choppers can also be 
used to prepare plant cuttings destined for a 
methane digester. 


PUGGING OR KNEADING 
1 - ANIMALS 


The preparation of the earth entails a long 
pugging operation. I!n many regions, animals that 
go round in a circle over a specified area, 
perform this work by treading the earth with their 
hooves. Animals that can be used for this purpose 
include, among others, donkeys, mules, oxen, and 
horses. 


2 - MACHINES 


The material can be pugged in a pit with mechan- 
ized plant such as shevel excavators and tractors 
that can combine the operations of excavation, 
mixing amd transport. The pit should have a 
stable bottom and an incline sot that the machine 
can get out. The manoeuvring space for the mach- 
ine must be sufficiently large. The quantities 
mixed are enormous, betng of the order of 10 m?/h. 


3 - PUGGING MILLS 

Pugging can also be carried out in a pug mill. 
These can be set up in a smallish drums and driven 
by a motor or else hauled by animals over a given 
area - two weighted truck wheels will serve the 
purpose. Wheel tracks should not be left in the 
soil and these can be avoided by devising a system 
that throws the soil back under the wheels so that 
it is constantly remilled. An improvised pugging 
Setup costs only a few dollars while a mill in a 
containment vessel costs something of the order of 
$ 2000. Such plant is very heavy and a typical 
output is in the neighbourhood of 7 m> per day. 
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MIXING 
1 - VERTICAL MIXERS 


The most common can be made using very basic mate- 
rials: a few planks and timbers, ropes and steel 
wire, etc. They can be operated by animals. The 
lever should be at jieast 2.5 m long, and the ani- 
mal should not work more than five nours per day. 
Mechanical vertical mixers exist cs well, and 
these begin at $ 2000. They must be solidly built 
and the standard sutput is 10 m? oer day. 


2 =- RENDERING MixERS 

As they are not very sturdy, these mixers should 
eeaily be used with liguid soil rather than 
plastic soil, They are capable of a daily output 
of approximately § m?, They cost $ 1,500 and 
upwards. 


3 - LINEAR MIXERS ; 

These are widely used fn production units capable 
of medium and high output. There are a number of 
variations on then, For example, they can have a 
single or double shaft; they can be of the con- 
stant or discontinucus-flow type; they can be of 
heavy or tight construction. Their output is very 
high and muddy earth can be dumped into a pit 
allotted for the purpose. The smaller linear 
mixers cost about $ 1,500 and are capable of 
outputs of between 4 to 5 m? per day. The bigger 
mixers, which have been adosted from the ceramics 
industry, can cost upwards of $ 10,000. They have 
an output of 5C m? per day. 


4 - CONCRETE MIXERS 

Although poorly rated, standard tiited<drum 
concrete mixers are capable of doing the job. 
Their output is Tow and resulting mixture often 
lacks homogeneity and suffers from lumpiness. 
Their main advantage is the wide range of mode's 
available, ranging from small to large, suitabie 
for connection to a tractor PTO (power take-off), 
mixer trucks, and special wheeled plant. 


5 = SCREW MIXERS 

It is atso possible to work with smal! quantities 
using drums provided with a screw of the sort used 
for paint and plaster. In this way it is possible 
to prepare fifty litres of mixture in ten minutes 
by making successive batches. 


6 - PLANET WHEEL MIXERS 

These are ideally suited to preparing mud even 
when it must be mixed with plant fibres. The 
smallest ones have a batch capacity of 100 litres, 
cost about $ 3,000 and have an output of 10 m? per 
day. 
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ADOBE : MANUAL PRODUCTION 





SMALL SCALE 


Adobes can be produced with or without a mould. 
Very primitive production techniques are still 
practised today. Bricks made in this way do not 
have a very attractive appearance nor are. the 
walls built using them particularly solid. 
Prism=shaped moulds are recommended. Semiesolid, 
and semi-soft paste is required for manual shap- 
ing. 


1 = SEMI-SOFT PASTE 


The paste which has been put in the mould is 
lightly worked by hand and then immediately 
removed. in order for it to be removed easily, 
the mould must be cleaned and wetted beforehand. 
in this technique, called "slop-moulding”, the 
film of water that adheres to the mould facili- 
tates release. The common type of mould has a 
single compartment and its dimensions are vari- 
ables; it is up to 60 ecm long for the heaviest 
adobes. it can also have multiple compartments 
and be capable of moulding up to four adobes at a 
time. These moulds are made of wood or iran, some 
even being made of plastic. The bricks undergo 
considerable shrinkage and their quality must be 
carefully monitored. 


2 - SEMI-SOLID PASTE 


To produce better quality, denser and more resis- 
tant bricks, it is advisable to work with a 
semi-firm paste. The mould must be very clean, 
and then it fs dipped into water and the inside 
sprinkled with sand. Using this technique, known 
as “sand-moul ding", a given quantity of earth is 
shaped roughly into the form of a ball, rolled in 
the sand and then thrown with force into a singie- 
compartment mould. The ball is firmed up with the 
fists, care being taken not to neglect the cor- 
ners. The excess is removed with a wooden quide 
strip. To facilitate release, only the earth 
coated with sand should adhere to the sides of the 
mould. There are many different types of moulds, 
some having bottoms and some not. The adobes are 
turned out of the mould onto the drying area. 
This technique means that the earth has to be 
stored near the moulding area and several moulds 
should be available. ft is advisable to work 
standing at a table. There are even tables with 
built-in moulds and ejection levers. The adobe 
should be carried to the drying area on a smail 
board (the bottom of a mould). ITOG markets this 
type of table (price ~- $ 1,300) and distributes 
the plans. The output using the moulding tech- 
nique is of the order of 500 adobes per day. 





LARGE SCALE 


Large-scaie production requires modifications to 
the techn? que. 


1 - MULTIPLE MOQULES 


These can be a ladder<-like array in which moulds 
are juxtaposed or large parallelepiped moulcs. in 
this way between ten to twenty-five adobes can be 
produced at once. The earth should be abie to 
fill the entire mouid. It must therefore be more 
liquid, in the softepaste state. Apart from this 
chanae in moisture content, the previous prepara- 
tion remains the same. The earth is then poured 
into the moulds by means cf ¢ wheeibarrow, dumper, 
frontioades, or even straight from the mixer 
which, in that case, is salf-propelied, towed, or 
mounted on a truck. The soil {fs then levelled 
with a kind of scraper so that it is evenly 
distributed within the mould, including the 
corners. Some time may be allcwed to elapse 
before removal from the mould but usually this fs 
done immediately after the previous step. The 
whole operation is then repeated without faterrup- 
tion. Large moulds must be cleaned properly 
either by aliowing them to soak in water or 
spraying with a powerful jet of water. The 
cleanliness of the mouids and the moulding stage 
are crucial to ensuring the quality of the adobes. 
Owing to considerations of weight, the moulds 
should be made of wood or plastic as opposed to 
tron. They should be easy to manipulate by no 
more than two persons. The wood should be treated 
against rot and warping. The outputs possible 
with this moulding technique, with a crew cf five 
or six workers, ranges from 8,000 to 10,000 adobes 
per day. 


2 - SAWN ADOBES 


it is pessible to make a single very ‘arge adobe 
(4 m2 for example) with a mould consisting of four 
twormetre long planks. A scft paste is used. The 
resulting adobe slab {fs then cut into several 
smail adobes with a taut wire saw on a wooden 
support or else using a plank with a studded edge. 
The output using this tecanique is similar to that 
of the above technique, and omly a very modest 
investment is required, although the finish ob- 
tained is not so good. The moulding area must be 
absolutely flat. 
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MECHANIZED PRODUCTION 


The difference between large scale production 
using multiple and mechanization process is not 
al] that great. 


1 - THE MOULDING BOX 


A metallic mould containing a large number of 
compartments is mounted on a frame on wheels. The 
mould is lifted by means of a lever arrangement 
after it is filled. The adobes are deposited on 
the ground. The wheeled mould is then pulled to 
the next moulding point. The moulding cart should 
be capable of being cleaned each time. A mobile 
hopper can be added and positioned above the mould 
for filling by a dumper. Soft paste is poured 
into the mould from the hopper which jis drawn over 
the mould. The excess earth is removed with a 
scraper which can be fitted to the hopper. The 
standard output op such a system is of the order 
of 7,000 to 10,000 adobes per day, and ft has been 
refined with the development of the Hans Sumpf 
moulding box in the USA which was designed as an 
independent. unit. This machine can achieve an 
output of 20,000 adobes a day. The adobes are 
deposited onto impermeable paper which is unrolled 
directly onto the ground on a gigantic production 
area. The adoption of a machine of this sort 
means that the entire upstream production plant 
must be modified to cope with the enormous in- 
crease in capacity. The total investment amounts 
to a few hundred thousand American doliars. 


2 - THE CUTTER DISC BOX 


Cutting by means of a wire can be automated and 
the wire replaced with cutter dises. A hopper 
fitted with a barrel lays down a continuous sheet 
of soft paste which is cut into thin strips. The 
machine is stopped at a fixed distance from its 
starting point and the thin strips are cut trans- 
versally by another set of cutter discs. The 
output is very high, amounting to 15 000 blocks a 
day, and the investment is low. The production 
surface must be very flat and clean and the 
mixture highly homogenous and of an ideal consis- 
tency. The user of this system must therefore be 
absolutely sure of what he is doing. The machine 
in question costs about $ 3000. To date only 
prototypes are known, but these appear to be most 
promising. 


3 = EXTRUDERS 


The extrusion of adobes opens several very attrac~ 
tive possibilities. Applied to the manufacture of 
adobes, extrusion can serve as the basis of three 
principal processes. 


- 1 - VERTICAL EXTRUDER: This sonsists of a 
vertical mixer pravided with an extrusion nozzle. 
The system can be motorized or it can te driven a 
draught animal. The process, although giving good 
resuits, is used Nardly at 4!] nowadays. itted 
with an electric motor, the machine costs epprox- 
imately $ 2000. With a smal? mixer weighing about 
SOG kg, output can reach 1,500 bricks per day. 


* 2 © HOR! ZONTAL EXTRUDER: Adapted from the 
ceramics industry, this nachine was widely used in 
the USA in the 1940's. It is still stendard in 
india. Althouch it involves a heavy financiai 
cutlay, the system {fs efficient. ‘t is capable of 
the same production rates as achieved in the brick 
industry for equivalent products. Nevertheless, 
the seil used for making adobes is sancier than 
that used for making burnt bricks. Consequently 
it is more abrasive, and a significant degree of 
wear, resulting from friction must te allowed for. 


- 3 = MOBILE EXTRUDER: Mobile extrusion units 
mounted on a frame on wheels are commercialiy 
available nowadays. These are heavy pieces of 
equipment weighing approximately thirty tons and 
combine a mixer, a generating unit and an extrud- 
er. Some units are already operational in various 
parts of the world fer the production of burnt 
bricks. They could also be adapted to the produc- 
tion of sun-dried bricks. The system involves an 
investment of about $ 250,600 for an output of 
between 2,590 arid 3,000 bricks per hour. 


4 = PRESS 


The traditiona! moulding table can be replaced by 
aprass. The moisture content of the soil {ts net 
the same: and sci] is efther a semi=solid or solid 
paste. The required pressure does not excead 20 
daN/em?, One or more holes 10 mm in diameter are 
bored into the cover so as to facilitate the 
extrusion of any excess. Sometimes a sma!l beard 
is inserted into the mould and the earth ejected 
onto this for transportation. Output is much 
higher than it is for compressed blocks. 
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714 COMPRESSED BLOCKS : PRODUCTION AND PRODUCTS 
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MOULDING 


Ti3 
CURING 

Ti4 
SPRAYING 


NOTES : 


- The above chart shows the phases involved in 
the production of cement or lime-stabilized 
compressed biocks, 

- it is applicable to craft production of com- 
pressed earth blocks using presses of a1] 
descriptions, but fs not suitable for indus- 
trialized production. 


* Stabilization renders these operations neces- 
sary. 
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PRODUCTION 
1 - PRODUCTION UNITS 


The production chart shown here applies to smal] 
artisanal brickyards with a daily capacity of ten 
tons of blocks using two hand-presses and twenty~ 
five workers. On the other hand, the production 
process used in large integrated production units 


has much in common with the silicaclimestone 


industry from which it is derived, The Latorex 
process (Denmark), for example, constitutes the 
essential operation of a "turnkey" plant, which 
depending on its size, is variously capable of 
outputs of 2,500, 4,500, or 9,000 blocks per hour. 
Between the manual press and the integrated pliant 
there is a whole range of production units, with 
differing characteristics and capacities. 


2 = PRODUCTS 

These are as varied as the representative products 
of the ceramics and silica-limestone industries as 
well as the concrete block sector. 


3 - PRODUCTION SEASON 

The production area required is on the small side; 
the storage area for finished products can also be 
smal] as the finished blocks, as soon as they are 
removed from the mould, can be piled on top on one 
another to a maximum height of one metre. Com=- 
pressed blocks can be made in any season on con- 
dition that certain precautions are taken with 
regard to storage during the first few days of 
curing in regions with harsh climates or with 
extremes of rainfall or heat. 


4 - WORK CREWS AND PRODUCTIVITY 


The size of work crews and their productivity is 
closely related to the degree of mechanization. 
Constructors’ figures quite often correspond to 
the theoretical limit presses can achieve. How- 
ever, in practice such theoretical outputs must 
often be reduced by 50 % or even more. The vaiues 
given below are for the standard outputs of 
brickyards fully equipped for all the preliminary 
operations (i.e. excavation and screening equip- 
ment) and subsequent pressing (i.e. storage 
facilities and cleaning equipment), 


me OSE eee 
3 

























MANUAL. 300 0c0 
MOTORISED 2 000 25 000 
INTEGRAL 10 000 100 000 
PLANT 60 000 1 000 000 


and over 





SOL!]Q BLOCKS: These are mainly regular solids 
and include cubes, »nearallelepipeds, multiple 
hexagons, etc. They are used in numerous differ- 
ent ways. . 





JOGGLED BLOCKS: These make it possible to do away 
with mortar but require sophisticated moulds and 
relatively high pressures. 





SPECIAL BLOCKS: These blocks are made on occasion 
for highly specific applications. 











HOLLOW BLOCKS: Ordinarily voids represent 15 % of 
the bleck but the hollow propertion of the block 
san reach 30 % by using sophisticated processes. 
The frogs increase adherence tc the mortar. 


<Z 


ANTISEISMIC BLOCKS: The shape of these enhances 
their resistance to earthquakes as well as their 
incorporation into antiseismic structural systems 
such as tied blocks. 





PERFORATED Bi.0CKS: These have the advantage of 
being light, but they require rather sophisticated 
moulds and higher than ordinary pressures. 
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29 COMPRESSED BLOCKS : PULVERIZATION 


2 
In order to obtain uniform mixing of the mineral components, water and stabilizer, lumps have to be 

broken up which may have diameters of more than 200 mm after excavation, Grains with a homogenous 

structure, such as gravel and stones, must be left intact and those having a composite structure (clay 

binder) broken up so that at least 50 % of the grains are less than 5 mm in diameter. The soil must 
be dry. Wet soil can only be handled by certain of the mechanized systems. Two basic approaches are 

used. 

2° 1° GRINDING: followed by screening. The material is pressed between two surfaces - a rather 

inefficient and tedious’ process in which useful stones are broken up. Only simple machinery is 

required. 

~ 2 = PULVERIZATION: The material is hit with great force and disintegrates. The machinery required 

is complex but performs satisfactorily. At the delivery end, any large pieces left can be removed by 











4 = SQUIRREL CAGE 










Very rapid rotations 600 
rpm. 3 hp electric moter, 
Output: 15 to 25 m3 /day. 
Weignt 150 kg. Cost: $ 
2000. Manufacturer: 
Ceratec (Belgium). 











means of a screen. 


1 = POUNDING 





5 - HAMMERS 





Manual process; very slow; 
jm per day per man; 
screening . absolutely 
essential. 





Several spring-mounted 
hammers on a central axle 
peat the earth at a high 
frequency. 10 hp electric 
motor. Output: 40 m? per 
day. Weight: 200 kg. 
Cost: $ 2,500. Manufac- 
turer: Luxor (Brazil). 












2 = JAWS 
6 - SCREW 






Elementary mechanism = 
reciprocating motions 
manual version, Output: 3 
to 4& m3/day. Weight: 150 
kg. Cost $ 2,500. Manu- 
facturer: {.T. Workshops 
(United Kingdom). 






The same system as used in 
conventional composting 
machines. Indeed such 
machines can also be used 
if care is taken to avoid 
excess wear. Single screw 
or a set of screws. 5 hp 
diesei motor. Output: 15 
me/day. Weight: 200 kg. 
Cost: $ 2000. Manufac- 
turer: Consolid (Switzer- 
Tand). 


7 - TOOTHED BELT 
















3 - CARR 






Four series of rods turn- 
ing at 150 rpm. Manual or 
motorized (electric) 
version, 1.5 W motor. 
Excellent mechanical 
efficiency, up to 10 
m?/day. Weight: 260 kg. 
Cost: $ 1200. Manufac- 
turer: Platbrood (Bel- 
gium). 






Oniy machine with a hopper 
- highly efficient. 3 hp 
motor: petrol. Output: 30 
m> per day. Weight: 100 
kg. Cost: $ 2,000 Manu- 
facturer: Royer (France) 















916 COMPRESSED BLOCKS : SCREENING AND MIXING | 


MIXING 


This operation is absolutely essential when: i) removal of excessively large elements or organic 
matter is essential; ii) after the structure of the soil has been corrected by an incomplete pul- This is a particularly important stage. A uniform mixture {fs absolutely essential, regardiess of 
verization. In most cases grains with a diameter of between 10 and 20 mm are passed - 10 mm for whether stabilizer is used or not. Where manua] labour is relied on, the heap of soil must be turned 
presses sensitive to compression and between 20 and 25 mm for those less sensitive to compression over at least four times. When a powerful mechanical mixer is available three or four minutes in the 


(hyper-compression). mixer is enough. it is important to mix the material dry first. Water should be added to the soil 
either with a sprinkler, or a mist sprayer, or by means of pressurized steam. 
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1 - FIXED SCREEN 


Set up either obliquely or suspended. The opera- 
tion is manual and easy to carry out. Two basic 
operations: raw sof] jis thrown with a shovel 
against the sieve. The sieved soil is loaded into 
a wheelbarrow, unsieved material is rejected, or 
set aside for other use. Low yield: 1 m* per hour 
per man. Cost: a few dollars. 


2 - THE ALTERNATING SCREEN 


The simplest process consists of placing a frame 
sieve, on a pipe and a wheelbarrow. The sieve can 
also be suspended from a branch and set moving 
back and forth. A special manual tool has been 
designed along these lines by the Tailahassee 
school of Architecture, Florida, USA. It consists 
of a few planks, a cut-away barrel and chicken 
wire. The output obtained using the stationary 
sifting system is to 2 m?/hour per worker, Cost: 
a few dollars. 


3 = ROTARY SCREEN 


A cylinder made of wire netting or metal is 
rotated either manually or mechanically. its 
construction is very simple. It is possible to 
pass the soil through a number of stages series 
and so separate inte several fractions. Agricul- 
tural rotating sieves such as peanut sieves are 
suitable for the cperation. Mechanical rotating 
sieves of all sizes ranging from 1 to 30 hp are 
commercially available. Theoretically these 
sieves are capable of an output as high as 14 
m*/hour. They cost as little as $ 3000. 


4 = VIBRATING SCREEN 


Either a single vibrating screen or a combination 
of several screens, usually superimposed, can be 
used in this process. This system offers the same 
advantage as the rotating sifter in that it makes 
it possible to separate the soil into several 
fractions, permitting its reconstitution. They 
are used in the excavations - quarries. Vibrating 
screens of average size have outputs in the region 
of 5 m? per hour and they cost about $ 5000. 


1 = MANUAL MIXING 

Can be done by means of shovel, hoe, rake or any 
other simple tool; output : 1 - 2 m? per day per 
worker. Cost: a few American dollars. 


2 - MANUAL MIXER 

Various systems have been cevised which make use 
Sf a 200 litre of] barrel. The Tallahassee School 
of Architecture, Flerica, USA is in the forefront 
of the development of such systems. Their output, 
at 1.5 ~ 2.5 m* per day per worker, is slightly 
higher than that achieved using a shovel. Cost: 
only a few American dollars. 


3 = THE MOTORIZED MIXER 
A motor can facilitate mixing, as this fs a slow 
Operation. Conventional concrete mixers, however, 
are nat recommended because of the formation of 
lumps and crumbs {fn the soil. 


4 - MIXER, WITH BLADES 

The motor cultivator is suitatle for simul taneous- 
ty crushing and mixing. This method requires 
plenty of space. The range of such machines 
available on the market is very broad with respect 
to size and power. Output: upwards of 4 m?/day. 
Cost: begins at $ 1,500. 


> - THE PLANET WHEEL MIXER 

This is the conventional mixer used for concrete 
extrusion. Small mixers are difficult to find. A 
G.5 hp electric motor or a 0.75 hp diesel motor is 
required tc process ten litres of soil. <A 180 
litre planet wheel mixer has an output of 15 m? 
per day. The cost is $ 3000 and upwards. 


6 - THE PADDLE MIXER 


This is similar to a rendering mixer but sturdier. 
lt works well with very dry soil but can break 
down if the soi! is wet (12 - 15 % mofsture can- 
tent). Required power: electric motors, 0.75 hp 
per 10 1; diese! engines, 1 hp per 10 7. Output 
for a capacity of 150 1 installation: 8 to 10 
mo/day. Cost: $ 2000 and up. 


7 - LINEAR MIXER 


A discontinucus helical screw shaft {is fitted with. 


either single or double blades. The shaft must be 
very sturdy, Extremely heavy and expensive, this 
type of plant is rarely used, 














225 





ae COMPRESSED BLOCKS : PRINCIPLES OF COMPRESSION 


1 - THE BASIC PROBLEM 


The mechanical strength of a soil is the result of 
friction between grains, which fs in turn a fune- 
tion of its texture and structure. The friction 
attributable to texture, which depends on the 
grain size distribution, is a highly important 
factor, while. structural contact, dependent on 
density, increases strength. In order to protect 
against a water, a highly destructive agent, it {s 
advisable to reduce the porosity of the soil by 
eliminating voids, which serve as channels for the 
water. Other reasons for compacting soil may be 
based in thernial considerations. This increase in 
density 1s achieved by compressing the soil with a 
press ~ a seemingly simple operation that involves 
several factors, which are discussed below. 


2 - SOURCE OF ENERGY 


Presses can be driven by human energy (the manual 
press) or animal energy (horse-powered equipment) 
or they can be powered by an electric motor or 
combustion engine or still yet by water (water- 
wheels, water turbines) or by wind. At present, 
only manual and motorized presses are available on 
the market. 


3 - TRANSMISSION OF ENERGY 


Energy can be transmitted to the soil by means of 
levers, axles, connecting rods or swivels, pis- 
tons, and so on. There are three main categories 
of systems whereby energy is transmitted; mechani- 
cal, hydraulic and pneumatic. 


4 ~ COMPRESSION 


Compression can act statically or dynamically. In 
the latter case it can act by impact or vibration, 
At present static pressure is still the more fre- 
quent. Dynamic impact compression is quite slow, 
and the mould is subjected to considerable stress. 
In addition, the thickness of the product is 
difficult to control and quite apart from the more 
serious problem of lamination, Dynamic vibration 
compression involves motorization and transmits a 
great deal of mechanical stress to the mould, not 
to mention its relatively high cost. 


5 - EFFECTIVE FORCE 


This fs the force available for compressing the 
earth which can be used at will, applied to a 
small area or a large one. The values put forward 
by press constructor thus do net convey an accur- 
ate idea of the performance of the press. 
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6 - MOULDING PRESSURE 


it is the pressure theoretically applied to the 
soil is expressed as the ratio between the effec~ 
tive force and the area over which this is ap~ 
plied. 

Very low pressure: 0 = 20 daN/cm? 

Low pressure : 20 - 40 daN/cm? 

Average pressure : 40 = 60 daN/em? 

High pressure : 60 - 100 daN/em? 

Hyperpressure : 100 - 200 daN/em2 

Megapressure : 200 <= 400 daN/cm? and higher. 


7 - AVAILABLE PRESSURE 


This is the pressure that actually gets trans- 
mitted to the earth and fit can be very different 
from the theoretical moulding pressure. The 
available pressure is dependent on the extent to 
which ‘the plate has penetrated within the mould, 
or on the extent to which the space has been 
reduced). The available pressure differs 
according to the penetration position of the plate 
within the mould, where the space is diminished. 
The available pressure is different at each point 
of the compression stroke and depends on the mode 
of energy transmission. Each press gives rise to 
a set of characteristic curves, and in the case of 
manual presses, these curves vary with the weight 
of the operator, for hydraulic presses this curve 
is nearly parallel to the x axis. 


8 - COEFFICIENT OF DYNAMIC EFFECT 


There is an inertial or dynamic effect which comes 
between the static measurement of the available 
pressure and the actual operation of a press, 
which profits from this momentum. A manual lever 
press thus has a coefficient of dynamic effect of 
1.2 which raises the effective available pressure. 


9 - EFFECTIVE PRESSURE 


This {fs the pressure that actually gets trans- 
mitted to the earth at the end of a compression 
cycle. It is the product of all the effects of 
the operation of the press, i.e. friction and 
inertia. Thus the effective pressure exerted by a 
smal! lever press (Cinva Ram) under ideal condf< 
tions is between 15 and 20 daN/em?, whereas the 
literature speaks of pressures as high as 45 
daN/cm?, giving a totally {incorrect impression, 


10 - ABSORBED PRESSURE 


Soil, while it is being compressed, absorbs the 
available pressure and becomes increasingly 
difficult to compress. Internal friction and the 
friction due to the surfaces of the mould in- 
crease. The absorbed pressure thus varies as a 
function of the reduction of space and the quality 


—— i ___________ 


of the soil. The absorbed pressure curve for 
gravel soil is higher than that for fine soil. 
For scil to be compressed the available pressure 
must be higher than the ebsorted pressure, 
otherwise the compression cycle will come to a 


stop. 
ll = REQUIRED PRESSURE 


The potential cf a press is one thing, the quality 
of the soil another and the user's budget a third. 
The quality of the bieck increases linearly with 
increasing compressing but reaches a limit often 
between 40 and 190 daN/cm2 where it becomes 
asymptotic or in some cases begins to fall off, 
Excessive moulding pressure can in fact have 
disastrous effects (layer forming, for example). 


12 - COMPRESSION RATIO 


Uncompacted soil has pricr to moulding a density 
of between 1600 and 1400 kg/m?. Compressed it 
should have a minimum density of 1700 kg/m? or in 
the neighbourhood of the Proctor value. The 
compressicn ratio is the ratio of the height of 
the mould prior to compression to that after com- 
pression necessary to achieve the desired density. 
i¢ has a value of 1.65 for manual lever presses 
out should ideally he equal te 2. This ratio is 
rarely achieved with mechanical systems, but 
manual or mechanical precompaction can remedy this 
drawback. 


13 = COMPRESSION GRADIENT 


Owing to the increase in the internal friction of 
the earth and the pressure on the surfaces of the 
mould, the material cleser to the pressure piate 


‘igs more thoroughly cempressed than that near the 


other side. This variability in quality depends 
on the thickness of the final product. in order 
to obtain quality blocks, the height must be 
limited to 3 - 1G cm at low pressures and 20 - 25 
cm under hypercompression. 


14 - METHOD OF COMPRESSION 


With simple static pressure the moulded thickness 
of good quality biocks should not be more than 10 
cm, A double compression exertad simui taneously 
on the two sides makes {it possible to produce 
blocks 20 - 25 em thick, The least compected 
earth is found in the middle of the block. This 
part is subjected to the least stress, 


15 = SPEED OF COMPRESSION 


Production requirements sometimes dictate high- 
speed operation, However, there is a limit of 1 
to 2 seconds on the speed cf compression, below 
which tamination may occur. 
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718 COMPRESSED BLOCKS : TYPES OF “PRESSES 
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HISTORY AND DEVELOPMENT 


All things considered, the use of presses is a 
fairly recent phenomenon. Formerly, compressed 
earth blocks were made by means of manual tamping 


in a mould. This technique was derived from 


experience with rammed earth. In the eighteenth 
century, the Frenchman Francois Cointeraux de- 
signed the first press, called the "Crécise”™ which 
was based on the wine press. At the time he 
prided himself on having invented a "new pisé", 
Manual camming is still practised, sometimes even 
on a large scale. A recent example is the con- 
struction of the agricultural village of Maadher 
in Algeria. It was only at the beginning of the 
century that the pressing of earth blocks was 
mechanized. This was first done with manual 
Bresses that had heavy covers (30 kg). These were 
closed down with a great force due to the excess 
soil. These devices were even motorized. Then 
presses provided with a mechanical rammer appeared 
which were powered manually. This type of press 
is still to be found on the market, which {is open 
to new ideas although none of these has met with 
any success as yet owing to the drawbacks inherent 
in the system. Since the beginning of the century 
press makers have been devising presses that make 
use of static force. The process was used to make 
burnt bricks and was mere or less successfully 
adapted to the production of compressed blocks. 
The developers of the process, however, failed to 
make corresponding changes in the compression 
ratio and available pressure. Only in 1956 did 
the first press, specifically designed to produce 
compressed blocks, make its way onto the market. 
This was the Cinva-Ram press and it was invented 
by Raul Ramirez, an engineer at the Cinva Centre 
(Centro Interamericano de Vivienda y Planeamtentc) 
fn Bagota, Colombia. It has swept the inter= 
national market. Its most important advantages 
are its mechanical simplicity, manual operation 
and lightness. Subsequently many other presses 
have emerged as competitors to Cinva-Ram. The 
1960's saw the production of mechanical, automatic 
and hydraulic presses, 

It was only in the seventies and the beginning of 
the eighties that a new wave of presses appeared, 
with new ideas now appearing almost every month. 
Some of the presses coming onto the scene artfully 
combine the principles of dynamic compaction by 
vibration and impact compaction, using in part 
road=-building techniques. Vibrating presses were 
already used in the fifties in certain construc- 
tion projects, as for example, in the Sudan and 
Burundi, They were then eclipsed only to reemerge 
in France in the eighties. 


OVERVIEW OF THE MARKET 


Nowadays, new press-makers favour hydraulic press@ 
es. Manufacturers with field and site experience 
favour the development of small sturdy mechanical 
presses that are simple, yet reliable and effi- 
cient. The difficulty of finding where to buy a 
press which existed only ten and even five years 
ago is a thing of the past. Nowadays. the choice 
of pressing plant is very wide and reflects all 
the various technological trends at prices ranging 
from the very low to the very high. Unfortunately, 
these machines are not all without their short~ 
comings, and the buyer fis well advised to use a 
certain amount of circumspection in making his 
choice and to carry out preliminary test runs. 
Even so we may say that while the press jis an 
essential tool, the selection of the soil is even 
more important. it is preferable to press a good 
earth with a mediocre press than to press a poor 
quality earth with a good press. This remark is 
of cardinal importance, as nowadays sophisticated 
hypercompression presses are available that add 
nething in terms of the quality and performance of 
the equipment if the soil used is mediocre. The 
following trends should be taken into account in 
evaluating the modern market; 

- to an ever {increasing extent manual presses are 
Nowadays mass-produced in small factories in the 
developing countries; 

- motorized presses have just as great a market 
share in the developing countries as in the 
industrialized countries; 

= in the industrialized countries the new owner- 
builder market and demand from small building 
contractors have stimulated the development of 
small on-site production units; 

- there is no certainty that the promotion of 
large on-site production units would be econom- 
ically feasibie and such promotion would thus 
constitute an enormous risk. 

- industrial production units have a certain 
market share in the industrialized countries and 
in some of the more advanced developing countries. 
- "turnkey" plants present enormous risks and do 
not appear to be any more feasible in the majority 
of industrial countries than they are in develop~- 
ing countries apart from the rare exception. 


SSS 


228 


Sa 


CHARACTERISTICS 


SYSTEMS 


SIZE 
7 





MOULDING 
PRESSURE 
VERY LOW 
HYPER 
LOW 
Ow 
LOW 
and 
HYPER 
LOW 


CLASSIFICATION 


COMPRESS ION 
ACTION 


tas 2 Qo os 
223 823] 828 
= a = = ™ im 
F m3 
g 
wi ig 
=£°5 | 328] $28 
43 rs) mal my 
oy) 
HN 
Ld 


150 





LOW 






nf z& 
a on — = mt 
> <= o ee) 
uw i 3 
a 

ut = 
os 

= 

oa 

Q 


10 


9 


STATIC a 


STATIC 
STATIC 
STATIC 
DYNAMIC 








HYDRAULIC 
HYDRAULIC 
and 
MECHANIC 






HYDRAULIC STATIC 
HYDRAULIC STATIC 
MECHANIC 
HYDRAULIC 


LIGHT 


1 


POWER 
RANSMISSION 
MECHANIC 
| HYDRAULIC 
HEAVY MECHANIC 
LIGHT 


POWER 
SOURCE 
MANUAL 





919 








230 


COMPRESSED BLOCKS 








MANUAL PRESSES 


LIGHT PRESSES 
1 = TYPE 1: MECHANICAL PRESSES 


The advantages of Cinva-Ram type presses are 
obvious; they are light, have a certain sturd= 
iness, low cost, and are simple to produce and 
repair, Their main disadvantages are as follows: 
they wear out prematurely (coupling rings), have 
only a single moulding module, can exert only low 
pressure and have a low output. Nevertheless, 
they are one of the best presses of their type on 
the market, and it is usually the copies which 
wear out prematurely. The skill that goes into the 
production of the Cinva-Ram is not always so well 
understood by its imitators. Nevertheless, this 
press could be improved. The fallowing are some 
of the improvements designers have come up with : 
joining the cover to the lever (Tek-Block); better 
ejection (Stevin, Ceneema), greater moulding depth 
(Ait Ourir); better transmission of energy (Dart~ 
Ram); fold-down cover (Meili); standard steel 


profile (Unata); dual compaction action (C + BI);° 


compartmentalized mould (MRCI); production of 
perforated blocks (Ceta-ram). These technical im= 
provements also aim at refining the production 
process which, in the last analysis, is relatively 
independent of the mechanical cycle of the press. 
Production is in fact determined to a greater 
extent by the mode of organization of the work, 
the mode of payment of the crews and the prevail- 
ing working traditions. So it is that the average 
output of a Cinva-Ram or similar press is 300 
blocks/day although this could be increased to 
1,200 biocks/day. These presses are now produced 
in a number of countries including the USA, 
France, Switzerland, Selgium, Cameroun, Zambia, 
Tanzania, Columbia, New Zealand, Bourkina Fasso, 
Morocco, among others. 


2 = TYPE 2: HYDRAULIC PRESSES 


A small press, the Brepak, makes a major improve- 
ment to the Cinva-Ram, It was created by the SRE 
(England) and is marketed by Multi-Bloc. The 
swivel and rod system of the Cinva is replaced 
with a hydraulic piston which enables it to 
achieve pressures of 100 daN/cm?. The resulting 


‘blocks have identical dimensions to those made 


using the Cinva but are approximately 20 % denser. 
The hypercompression means that it is suitable for 
compacting highly expansive soils such as the 
black cotton soils. The Brepak costs in the 
region of $ 2000. 


HEAVY PRESSES 
3 - TYPE 3: MECHANICAL PRESSES 


These can preduce pressures greater than the 
minimum thresholc of 20 daN/cm?, These presses, 
being sturdy, do not wear out easily. The presses 
are easy to manipulate and cake care of. They have 
interchangeabie moulds. The fold-down cover of 
these machines allows precompaction. The back and 
forth motion from one side cf the press to the 
other is eliminated. The design of the machine 
permits tetter arganization of the work that js 
carried out around the cress. 4n the other hand, 
these presses are heavy and are up te seven times 
@s expensive as a Cinva-Ram or similar although 
tne final price of the biock is virtually the 
same. They are reliable and profitzble. The 
Terstaram or Ceraman, which was adapted from the 
brick industry, was at first marketed under the 
tradename Stabibloc, S.M., etc. and Landcrete jn 
Southern Africa. it {s Nowadays manufactured in 
Belgium and in Senegal, and before long will te 
manufactured in other African countries. Net ai! 
models are of the same quality. Speculation has 
affected sales, models often gcing for six to tan 
times their criginal price. Current selling 
prices for these presses are below §$ 800 to $ 
1000, and they are delivered with a basic mould. 
In some cases resellers have succeeded in selling 
them for astronomical prices, getting between $ 
5000 and $ 10000 for them. The Ellison Slockmaster 
is manufactured in India and Southern Africa. 
There are other models of the same type exist, for 
example the CRATerre press, perfected and produced 
exclusively in Peru, and the Saturnia, designed by 
the ETH in Switzerland, while the Yuya, developed 
by Trueba in Mexico is suitable for the production 
of joggled blocks. 










ELLSON BLOCK MASTER 
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920 COMPRESSED BLOCKS : MOTORIZED PRESSES 


1 - TYPE 4: MECHANICAL PRESSES 





2 = TYPE 5: HYDRAULIC PRESSES _ 708 SYSTEM 








SEMI TERSTAMATIQUE 





These represent a new generation of presses which 
are currently available on the market and which 
appear destined for a bright future. Despite 
their cost, which is of the order of four to seven 
times that of heavy manual presses, their economic 
viability its excellent. Some of these presses, 
such as the Semi~Terstamatic, are direct descen- 
dants of the heavy manual presses and have bene- 
fited from the lessons learned on the older type. 
The Semi-Terstamatic at one time on the market 
under the tradenames Majo and LP9 (Landcrete). 
Motorized mechanical presses belong to one of two 
groups: those having a fixed table and single 
mould, simple and sturdy, and those having a 
rotating plate and multiple mould (three or four), 
which under certain conditions raises the produc- 
tion rate . In the first case, the mould can be 
changed rapidly and cheaply, whereas with a 
rotating plate changing the mould takes more time 
and is costlier. The tables can be turned by hand 
(Pact 500) - a tiresome operation - or mechanical- 
ly. The latter system requires a more sophisti- 
cated mechanism and more energy (Ceraman). Oynam- 
ic precompaction effected by lowering the cover 
becomes possible with the systems using a single 
mould and this confers significant advantages. By 
adjusting the tapered precompacting roller located 
between the feeding position and the compacting 
position, precompaction with rotating table 
presses becomes possible. The level of the earth 
should be slightly above the sides of the mould 
and this is only possible when the press has a 
feed hopper. The designers of this type of press 
have encountered major preblems which were stil! 
not been resoived when the presses were brought to 
market: the sofl may under no circumstances dis- 
turb the functioning of the machine by getting 
into sensitive areas; the safe operation of the 
machine must be assured, lest it be damaged; the 
press must not be allowed to operate in reverse, 
which would happen if the electric motor were 
installed backwards; where the available pressure 
is less than the required pressure (when there is 
too much earth in the mould, for example, the 
press will blocks the removal of a half-compacted 
brick should slow production. Accordingly, the 
press ought to be provided with a compensating 
spring and a motor-release system. 

Finally, these presses should be designed ta give 
the user the choice of an electric motor, a com- 
bustion engine or another type of motor. These 
presses are very largely dependent on the upstream 
production operations of screening, proportioning 
and mixing. 





Se rl 


These are stand-alone presses capable of medium 
output and a fairly nigh price ($ 8000 and more). 
Hydraulic presses had a certain voque in the 
1950*s but rapid'y disappeared from the market 
(the Winget, for examole, of which 125 were sold}. 
New presses of the same type were launchec in the 
seventies, but theic reliability is disputed end 
they Rave brought as much disappointment és 
sstisfacticn. Nevertheless, hydraulic systems 
Nave the advantage, owing to the functioning of 
the pisten and their compactness, of permitting a 
long stroke. it follows that compression *atics 
equal to, or greater then, 2 can he achieved. 
These systems can be easily adjusted to match the 
composition of the soil. They can also be gra- 
vided with a hepper - the first step towards 
automation. Furthermore double sompaction can 
easily be carried out with a hydrauiic press as is 
the case with the Tob System press. it is also 
true, however, that. the hydraulic press gives rise 
to several probiems all of its own, such as a 
delicate hydraulic pump. Apart from this if the 
rotating plate is hydraulically driven as well, 
the oi] reservoir should have a volume of at least 
200 1. Despite suck ¢ large quantity of oi], the 
temperature of the fluid can quickly rise above 
70°C fn tropical climates. This is the maximum 
permissible temperature, if ail the hydraulic 
components are to function properly, apart from 
these that can tolerate a temperature of 120°C, 
but which are difficult to replace if they break 
down; the alternative is an oil-cooling system 
which makes pliant complex. The oil must be 
changed and {3 not always available, These 
presses may function well in the right circum 
stances, for example a technologically advanced 
environment but they often perform poorly in rural 
surroundings or ever on the outskirts of cities in 
deveicping countries. Many models of this type of 
press have been tuilt and the market sees the 
steady appearance and disappearance of models. 
Rarely have they been known to be reliable. They 
are manufactured in various countries including 
Balgium, France, the USA, Brazil, and others. 
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921 COMPRESSED BLOCKS : MOBILE PRODUCTION UNITS 











Power presses often necessitate a major mechaniza- 
tion of the upstream process. Accordingly, 
designers’ research has proceeded along the lines 
of integrating all the plant equipment used in 
self-contained production units, which reflect 
fairly accurately, current production trends. 
However, although the cost can be reasonable, the 
economic viability of self«contained production 
units continues to pose a problem. They do not 
all operate in the same way and all conditions 
must be optimal. Even in the industrialized 
countries, these machines operate in very tight 
economic conditions. In developing countries they 
are often uneconomic. 


LIGHT UNITS 


These offer the advantage of opening up a totally 
new market, in industrialized countries and in the 
urban areas of developing countries, namely leas- 
ing to do-it-yourself builders. Indeed these 
machines can be rented for the entire block pro- 
duction period at a relatively low price. Even so 
this type of machine still suffers from a few de~ 
fects, mainly because of a lack of integration 
between the different types of equipment that have 
beeri brought together. An effort should be made 
to harmonize the outputs and cost of these mach=- 
ines to the different stages of production they 
integrate. 


1 - TYPE 6: MECHANICAL PRESSES 


At the present moment the Meili unit, which is 
manufactured in Switzerland, is the only example 
on the market of this type of press. There jis not 
a very wide range of this class of unit and so far 
there is no totally integrated unit on the market. 
The pulverizer still suffer from defects. 


2 - TYPE 7: HYDRAULIC PRESSES 


The Earth Ram (USA), the Clu ‘2000 (FRG) and Clu 
3000 (Switzerland) are only a few of the many 
examples of this type of unit. These machines are 
sometimes adapted from standing units. The prin- 
ciple of the design is attractive, but calcula~ 
tions of the cost shows that on large construction 
sites, it is more economic to purchase the produc- 
tion materials (pulverizer, mixer, press) separ- 
ately. Unintegrated pliant is not less efficient 
and it is not clear that integrated equipment is 
more convenient. Prices may easily exceed 
$ 15,000. 


HEAVY UNITS 


Some of the larger manufacturers have progosed 
entirely mobiie units which can be taken every- 
where, but which are very large and heavy. The 
corresponding annual production capacities are 
very high. The plant corresponds broadly to type 
7, and at present there is a tendency towards the 
use of hypercompression. Only a few units of this 
type have been manufactured to date. The economic 
feasibility of these presses has yet to be demon- 
strated, and a thorough survey of the market 
should be undertaken before acquiring chem. 


3 - TYPE &: MECHANICAL PRESSES 


At present only a singie unit of tris type is 
known. ‘ts design is based on the concept of a 
combination of existing units all mounted on a 
singie chassis and goes by the name of "Unipress”. 
This plant fs ordinarily used for the preduction 
of burnt bricks, and attempts in Egypt to adapt it 
to compressed blocks have met with some major but 
not at ali insurmountable obstacles. The plant is 
very sturdy. 


4 - TYPE 9: HYDRAULIC PRESSES 


These are represented as being all-purpose mach- 
ines, but the models actually to be found on the 
market - the Al Nibleck (USA) and Terse T 1A 
(France) ~- have, all things considered, a fairly 
limited range of application. These units are not 
equipped with pulverizers or screens. The earth, 
which is deposited in a hopper, is premixed by 
gravity with @ stabilizer by means of an integrat- 
ed proportioning system and then moved by conveyor 
belt to the mixer where dry and wet mixing are 
carried out. <A storage hepper distributes the 
earth within the mould where it is hypercompressed 
and then automatically ejected in the form of 
blocks. These units dispose of a system of slide 
moulds which cannot be used to produce hollow or 
cellular biecks. Being costly and having only a 
moderate output, their future appears to be 
confined to limited markets. 















































aLL COMPRESSED BLOCKS : INDUSTRIAL PRODUCTION UNITS ; 


eee 
For several years now the market has seen the arrival of a whole range of fully equipped standing 
industrial production units of a limited size. These industrial units operate en the single or double 
static compression or dynamic compression principles. The list of products that can be manufactured 
by them is aot limited to the small biocks which almest all the other presses can turn out. Tine list 
thus includes all the forms of concrete blecks and burned bricks which can also be made using stabi- 
lized eartn, including hoilow blocks and perforated bricks. This manufacturing equipment is as yet 
only intenced fer a limited market. Only massiva construction programmes czn ansure that the invest- 
ments involved car be recovered and the cost of producing the blocks significantly reduced. This type 
of press is currently used jn countries such a¢ Brazil, Mexico, Algeria, Gaton, Nigeria, ets. 
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Wholly automatic hydraulic industrial units come in several sizes. At the small? end of the range, units 
such as the Ceramaster (manufactured in Belgium) are fairly compact. This type fis still in the proto- 
type stage. Units of average size tike the Luxor, formerly the Tecmor (Brazi!} have been reconditioned 
ener and can handle preduction technology with ease. They use double compaction. Finally, the heaviest 
hydraulic industrial presses are veritable turnkey plants and are avai!able in several sizes. Today it 
appears that only a few operational plants exist fn all the world. Considerable secrecy surrounds the 
operation of these industrial units. The Latorex (Denmark) and Krupp (Germany) type units makes use of 
a stabilization process based respectively on hydrated lime and quick lime. In both cases the techno- 
legy has much in common with that of the silica-limestone industry from which fit has been adapted. The 
pressures applied are in the hyperpressure and megapressure ranges. The blocks are dried-in an auto-~ 
clave and operation is entirely automatic. In Nigeria and the Philippines, majer problems ave been 
encountered with this cype of heavy hydraulic industrial plant. The technology that has been developed 
is very sophisticated indeed, and requires faultless technical control and supervision of the organiza- 
tion of the work. 
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\AIY These are equivalent to 2 true totally automated factory. A prototype of one is currently operational 
BAZ in France in particular, in the construction of tne experimental "Villiage Terre™ on }' iste d'Abeau near 
Lyon, These presses have been adapted from concrete bleck presses. The process combines mechanical 
vibration and hydraulic compaction technology. By this fs meant vibration at a high frequency, low 
amplitude (1.5 * 2 mm) and hydraulic compression at low pressuce (20daN/cm?}. The frequency of vibra- 
tion and the pressure of compaction can be regulated to match the soil. The production cycle consists 
of the following operations: filling the mould from a drawer, vibration, lowering of the plunger, 
raising the mould, removal of the material from the mou?d with withdrawal of the plunger, removal of the 
fresh product on a conveyor. The duration of the entire cycle is of the order of 40 seconds. This type 
of press can turn out solid and hollow blocks (20 x 2C x 30 or 50) at the rate of 1000 - 1500 per day 
or 2000 - 2500 solid blocks per day. This represents a decrease of approximately 50 % with respect to 
concrete biocks. The smooth operation cf these presses requires, moreover, an adequate technological 
environment and well-trained and experfenced operators and maintenance personnel. A tendency towards a 
reduction in size is currently under way. One example of this trend includes the French Dynater machine, 
currentiy under trial. 
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2 - TYPE 11: COMBINED HYDRAULIC AND MECHANICAL PRESSES 
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929 FACTORIES 


Construction in earth is at present becoming increasingly fndustrialized. This trend is reflected as 
much by the techniques that have been adopted as by the degree of mechanization developed. The same may 
be said of the very long list of commercially building products and components, which is just as long as 
that of the ceramic and concrete block industries. This tendency towards the industrialization of soi] 
is fairly recent, having begun in the 1960's. Prefabricating plants, delivered as turnkey units possess 
a degree of sophistication which is every bit as advanced as that of the most advanced plants, producing 
other building materials. 
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The main products made of industrial soil available on the current market inctude, on the one hand, 


compressed earth blocks, solid and hollow and in all shapes, and on the other hand, extruded bricks and 
“asphadobe" or "bitudobe”, These products are designed for use as the usual components of the building, 
use in the walls and floor, as well as for the finishing work such as the dressing of wells, decoration, 
floor coverings, and for surfaces. Extensive studies on manufacturing equipment end stabilization point 
to the further proliferation of applications as the creation of a true "Soil" industry draws closer. 





COMPRESSED BLOCKS 


The most representative plants of this type of ORIGINE » DANMARK GERMANY 
product are those of the Latorex and Krupp groups. 

The manufacturing process has been adopted from  excup : LATOREX KRUPP 

the silica-limestone industry. The basic raw 

material used fs laterite and the stabilizer is INVESTISSEMENT : 800 000 $ 1 500 000 $ 
lime, These piants aim at the eptimizaticn of 

each stage of production; f.e. drying the raw = seopucTIon : 5 TON/h 18 TON/h 


material, proportioning, mixing, the reaction with 
the stabilizer, pulverization, compression, curitig 
in am autociave, and final drying and palletiza= 
tion. 


EXTRUDED BRICKS 


The manufacture of hollow and perferated compe= = orroine » FRANCE 
nests in extruded earth has already become estadb- 

lished om an operationai basis. The processes gpoyp 
were primarily developed in France at the INSA in 

Rennes (Stargil), and at the CTTB (Simarex). The INVESTISSEMENT - 2 000 000 $ 
extrusion plant disposes of all the facilities 

found in the a modern brickworks except for the = propucTION : 7 TON/h 
kiln and artificial drying rooms. The earth js 

mixed with cement tc form a base paste to which 

plasticizers (molasses) are added. This paste is 

drawn off and extruded and transformed inte 

perforated bricks. By not burning, a 40 %-65 % 

energy saving is achieved with respect to burned 

bricks. 


ASPHADOBE 


CHAFFOTEAU ET MAURY 


The manufacture of. adobe bricks stabilized with ORIGINE - U.S.A. 
bitumen has become a highly mechanized process, 
especially in the United States. The Hans Sumpf GROUP 
plant in Fresno, California is the best known of 

its type and has been operating for decades. The INVESTISSEMENT : 300 000 $ 
Block laying machine can produce from 10,000 to 

20,000 blocks per day. The upstream production is = ppRQpUCTION : 20 TON/h 
fully automated. This type of production unit fs 

proliferating and has even been exported (Sudan). 


: HANS SUMPF CORPORATION 
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F24 PRODUCTION - PRODUCT QUALITY RELATIONSHIP 





One notes a general tendency to oversimplify matters in various discussions of the subject of earth 
construction. According to this simplistic view, it is a matter of excavating the earth, compressing 
or moulding it and that is all. Such an account, which might satisfy the uninitiated self-builder 
must not, however, be allowed to deceive him, and it must be rejected when it comes to realizing 





1 = CHOICE OF SOIL 


The quality of product achieved with correctly 
selected or even improved soils is far superior to 
that possible with a mediocre soil. Similarly, 
stabilization is optimized when a well-graded soil 
is used, which implies that significantly lower 
percentages of stabilizer are required than is the 
case for a poorly graded soil. The stabilization 
of a mediocre soil should be regarded neither as 
an ideal solution nor a miracle, Getting a good 
soil does not always imply the need of using a 
distant berrow, It does, however, imply the 
ability to recognize the best soil locally avail- 
able. 


T (daN/cm?) 


COMPRESSIVE STRENGTH 
™ 
ro) 


2 = PULVERIZATION 


SOIL AGGREGETIONS 
WITH g > 5 mm; 


3 


Given that it optimizes the proportioning of the 
stabilizer and thus facilitates production and 
renders the product economic, the pulverization 
operation fis essential to the manufacture of 
stabilized compressed earth blocks. 


GT (daN/cm?) 
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CEMENT STABILIZATION (3) 


3 ~ MIXING TIME 


CEMENT STABILIZATION Depending on the equipment or the mixing technique 
used, the duration of mixing operations varies 
considerably. it has been demonstrated time and 

d again that it is of cardinal importance to respect 


a minimum mixing time. For example, the minimum 
mixing time for cement-stabilfzed biocks is be- 
tween three and four minutes with a risk of losing 
20 % of the effectiveness of the stabilization if 
it is less. With regard to asphalt-stabilized 
adobe, there is an optimal mixing time above or 
below which the stabilizer becomes considerably 
less effective. 


BITUMEN STABILIZATION 


MIXING TIME (min) 





fi — 
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large-scale projects. it should be pointed out that production parameters have a considerable effect 


on the quality of the precuct, output and economy of the cperation. Optimizing preducticn can be 
decisive for the economic viability and acceptability of the produst. It dees not necessarily follow 
that the answers lie with mechanized, sophisticated techniques or intense investment. Far more 
importent is know-how, fch =6fs)©6 6not)=—o always) the result of experience, but rather 
of training. 





4 - HOLD-BACK TIME 


The elapsed time between mixing and moulding can 
be very important. For example, in the case of 
cement-stabilized concrete blocks, if the hoid- 
back time is not reduced ts a minimum, there is a 
danger that the cement may set prematurely, re- 
sulting in the formation of sqgregates and an 
undesirable effect on the mechanical resistance of 
the blocks. A delay of one ta two hours can 
result in the loss of half the quality of the 
product. In contrast, in the case of lime stabi- 
lization, this longer hold-back time, given the 
slow reaction of the limé with the air, enhances 
the quality of the blocks. The hold-back time 
plays a réle in the organization of the production 
process. 


LIME STABILIZATION 


CEMENT STABILIZATION 
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5 = MOULDING METHOD ze 4} COMPACTION 
sas 
The ultimate deformation strength of the material 2 ts rs B 
(approaching 5 %) depends in large measure on the | 3 & 
method of moulding and compaction. in certain > 7 iA 3 IMPACT 
cases moulding in a press can sesult in a fivee me a fe Perea ecns 
fold increase in the deformation strength with ye Pe 
respect to manual moulding using a plunger. in = ’ KNEADING 
other cases it has been found that moulding by COMPACTION 
kneading gives superior resuits. it is important, 
then, to chose a moulding technique with the right 0.M.C 18 


criteria in mind. 
MOULDING MOISTURE CEMENT 
MC ($) 





6 = DRYING METHOD 


If drying conditions are poor, it is well known 
that blocks with low cement stabilization suffer a 
dramatic loss of quality. if the blecks are 
intensely stabilized, almost two thirds of the 
effective resistance can te conserved. On the 
other hand, about the same quality using half the 
cement can be expected under optimal drying 
conditions. These conditions play an even greater 
réle when stabilizaticn is carried out using lime. 
Togo many working brickyards pay insufficfent 
attention to the drying staae. 


WET COMPRESSIVE STRENGTH 
T (daN/cm?) 


: EXPOSED TO SUN AND WIND 
: PROTECTED FROM SUN AND WING 
: COVERED BY WET SAGS 

O % RELATIVE HUMIDITY 
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1000 DESTGN GUIDELINES 


An earth structure may be exposed to bad weather, which 
represents one of the major hazards leading to the 
deterioration of these structures. 


Careful examination of traditional earth structure in all 
parts of the world, reveals the skills of their archi- 
tects in solving the serious problems involved in pre- 
serving the durability of structures exposed to water 
risks. These are tricks of the trade, ingenious and 
cunning structural systems, whose effectiveness is often 
remarkable. Nowadays, however, these tricks have aften 
been forgotten or misunderstood and ignored by modern 
builders. Often these traditional devices have not been 
retained because they have net be noticed. 


At the present time the quality of earth construction has 
deteriorated considerably, because traditional know-how 
has been forgotten or is lacking. On the other hand 
certain solutions which may have been suitable in the 
past are no longer feasibie because of changing economic 
circumstances and technologies. 


Techniques which require regular maintenance are often 
ignored nowadays, being regarded as unacceptable in a 
modern context. 


Even so, there are many, many solutions to the problems 
arising from the nature of the soil itself, its inherent 
fragility, or its protection. The catalogue of possible 
solutions is so enormous that the problem is more one of 
making a good choice. The chosen solution should above 
all make it possible to take a rapid decision, and 
provide a relevant and economical choice of solutions, 
wnich guarantee the safety and durability of earth 
structures. 
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1001 WATER PATHOLOGY 
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PRESENCE OF WATER IN BUILDINGS 


Compared to other types of structures, those built 
with earth soil are particularly vulnerable to 
water action. When water stands close to a build- 
ing or penetrates it, the building can become un@- 
comfortable or even unhealthy, and runs the risk 
of rapid deterioration. 

In order for water to take effect, the following 

three conditions must coexist: 

- 1 - Water must be present on the surface of the 
buildings 

~ 2 - There must be an opening in this surface, 
such as a crack or window, which allows the 
water to enter; 

° 3 + There must be a force - pressure, gravity or 
capillary action - facilitating the entry of 
water into the opening. 

The elimination of conditions favouring the harm- 
ful action of water ensures that the structure 
remains healthy and lessens the risk of the deter- 
ieration of the building due to chronic damp. 
This, however, is not always so easy. The action 
of water on walls can be diminished by building 
good foundations and base courses, protecting the 
tops of walls and reducing susceptibility to 
condensation. Cracks and possible paths for water 
through the surface of walls can also be eliminat- 
ed by regularly maintaining the outer skin of the 
building. On no account, however, may the surface 
of earth walls be made impermeable, as they must 
be allowed to breathe, and be permeable to move- 
ments of water vapour. it {fs also possible to act 
directly on the penetrating forces but such action 
is delicate and depends, for example, on the 
capillarity of the material. 
The best strategy, and the most effective, con- 
sists of keeping water away from the vulnerable 
parts of the building, i.e. the earth walls. When 
this is borne in mind, the meaning of the old 
Devon saying, "All cob wants fis a good hat and 
@ good pair of shoes", becomes clear. in fact 
this recommendation on how to dress a home is a 
good basic formula for quality earth construction, 
avoiding chronic damp. Water which strikes wall 
surfaces (e.g. rain) is not particularly serious 
if it subsequently evaporates. When, however, 
water penetrates inside the walls and accumulates 
there, it is very serious indeed. 
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PRECAUTIONS 


Typical chronic damp problems can be avoided by 
adopting a good approach to the design and execu- 
tion of the earth structure. It is in fact a 
matter of “knowing how to build earthen structures 
properly". There is, however, an unfortunate ten- 
dency to clad buildings with a view to increasing 
the resistance of “the earth" to water (excessive 
protection of the material) as opposed to the 
proper approach which consists of making the 
“building” resistant to water. The most typical 
effects of water can be summarized with reference 
to the drop of water: impact, run-off, standing, 
absorption, seepage, splash. Dampness, which jis a 
second stage in the action of water, acts in more 
harmful ways, namely by permeability, and capil- 
lary action. These effects become more pronounced 
as the material increases in porosity. . 

The most fragile points in earth structures and 
most vulnerable to water action and moisture are: 
- the bottom of the wall; 

- the top of the wail; 

There are other localized weak points as wel] such 
as the reveals of openings, parapets of terraces, 
gargoyles , and bonds between different materials, 
such as between earth and wood. These are the 
points which require special care and regular 
maintenance. 


MECHANISMS AND EFFECTS 


- 1 = Foundations: Capillary rise at the base of 
walls, beginning in the foundations, has several 
origins, such as seasonal changes in the ground= 
water table, retention of water by the roots of 
shrubs, defective sewers, a lack of drains for the 
building, standing water at the foot of watlis. 
Persistent dampness can bring about a weakening of 
the base of the walis. The material passes from 
the solid to the plastic state and the walls can 
no longer bear loads, increasing the likelihood of 
collapse. Dampness favours efflorescence by salts 
such as NaCl, CaSO and NaS0 , attacking the 
material and chusiing Hollows to form. Insects and 
rodents attracted by the damp conditions can 
cause further deterioration to the wall. 
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- 2 - Base course: Above ground jevel, the base of 
the walls may be eaten away for any of the follow= 
ing reasons: water splash from gargoyles, water 
thrown up by passing vehicles, washing of floors 
indoors, surface condensation (morning dew), run- 
off at the foot of the wall (gutters too close to 
the wall}, surface rendered impermeable (water- 
tight walkway or rendering) preventing evaporation 
or enccuraging condensation between the earth wal 
and the waterproof rendering, the growth of para- 
sitical flora (moss} and efflorescence. 


- 3 - Walls: water infiltrates through structural 
cracks (settlement, and shearing) and = shrink 
cracks causec by due to repeated dry-wet cycles, 
unfilled heles jteft by formwork clamps, and by 
defective mortar joints: capillary action, and 
hollowing of walls. 


- 4 - Water runs off at the junction of reveals 
and earth walls (support, lintel) and infiltrates 
betweer, the masonry of the reveal or the wooden 
frame and the soil; localized deterioration. 


- 5 - Rain and variations in temperature can bring 
about the decomposition of the material: clays are 
washed out, reducing the cohesion of the soil. 


- 6 ~ ‘hen an earth wall {fs protected with a 
rendering which prevents the movement of water 
vapour, condensation on the cold surface of the 
wail (indoor walls {n summer; sutside wall in 
winter) or condensation betreen the wall and the 
rendering cause the wal! to deteriorats. 


~ 7 = Water may penetrate 2t the pcint where floor 
or roof beams pass through earth walis. 


- & = Water runs ard gets in where poerty designed 
gargoyies pass through walls and are unprotected 
at their entry and exit. Accumulations of earth 
can stop up gargoyles, resulting in standing 
water, absorption and capillary action. 


- 9 - Parapets unprotected by a projecting cap or 
which are cracked or covered with a defective ren- 
dering encourage water run-off and infiltration. 
Objects piaced against parapets such as plants 
requiring watering and poorly drained terraces can 
cause water and dampness to be retained. 


- 10 * Cracked terraces and damaged surfacing 
facilitate infiltration, 
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1002 STRUCTURAL PATHOLOGY 


Like all structures, those built with earth may be 
subject to the effects of structural defects which 
occasionally cause irreversible damage. The use 
of soil as a construction material demands scrupu- 
Tous respect of codes of good practice for the 
material and building systems. Structural defects 
may, however, be the result of causes which have 
nothing to do with the earth itself. These may 
include problems related to the site - e.g. 
settlement and earthslips - natural disasters - 
earthquakes and hurricanes - which can have very 
serious effects on structures, particularly when 
they are poorly designed, badly built and care- 
lessly maintained. 


TYPICAL STRUCTURAL DEFECTS 


Usually, these first become apparent as a crack in 
the building. Nevertheless there are also faults 
of a physico-chemical nature (decomposition of the 
material) and defects due to external agents, such 
as the action of living organisms. 

* STRUCTURAL CRACKING: these involve the struc; 
ture of the building and usually arise from con- 
struction defects, subsequent modifications to the 
building or accidents. The capacity of the ma- 
terial to resist mechanical stress is exceeded. 
Such stresses include great compression, penetrat- 
ing forces, tension, bending, and shearing. They 
may be localized (e.g. bonds between sofl and 
various "hard" materials, downward load due to 
floors, openings, etc.) or exerted in the body of 
the wails: e.g. ground subsidence, poor founda- 
tions. 

- SHRINK CRACKS: These are usually the result of 
the neglect of quality control of the earth used 
(e.g. excessively clayey earth) or during con- 
struction (earth too moist, drying too quickly). 
Shrink cracks can be easily recognized, being 
vertical and regularly spaced (e.g. every 0,50 m 
to 1m in rammed earth). Shrink may also result 
from marked variations in relative humidity: 
repeated cycles of wetting and drying. 

- BULGING: High mechanical stresses - resulting 
perhaps from a sudden forward movement of an 
untied wall or excessive localized loads ° may 
cause a wall to become distorted (e.g. an outward 
bulge). Such distortions are often accompanied by 
cracking, although not always as soil has signifi- 
cant creep characteristics. 

= COLLAPSE: can be provoked by a build-up of 
stresses which weaken the structure, or by a loss 
of strength of the material (e.g. caused by 
chronic moisture). Occasional or accidental 
Stresses may also play a réle, such as the subsi- 
dence or caving-in of the ground, soil heave, 
tremors due to vehicles or earthquake. 
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- DECOMPOSITION OF THE MATERIAL: water, damp, 
great heat or frost may cause the chemical and 
mineralogical structure of the soil to undergo 
changes, lose its coherence and disaggregate. The 
inclusion of organic parasites and salts can 
transform the structure of the material. 


PRINCIPAL CAUSES OF STRUCTURAL DEFECTS 


- Stresses on the material to which it is unsuit- 
ed, such as tensile and bending stresses. Earth 
only functions well in compression. Other stress- 
es require other materials: wood, concrete, and 
steel, (used: as ties, lintels, ete.) 

- Chronic damp, decreasing the strength of the 
material, even in compression. 

- Construction on a poor site which cannot stand 
up ta the loads transmitted to it, or on moving 
ground (slip, uneven settlement, heave and swell). 
- Poor design of the building: under-designed or 
off-centre foundations, inadequately braced walls, 
untied walls, walls which are too high, walls with 
too many openings, or made of composite materials; 
excessive loads in the form of floors, roofs, 
occupancy and point loads; construction systems 
unsuited to the use of earth as a building mate~ 
rial. 

- Poor construction: poor quality material (e.g. 
unsuitable soil, poor bricks); poorly implemented 
construction techniques (e.g. mistakes in the 
bond, vertical cracking along joints); incorrectly 
mixed mortar; poorly designed openings, no ties, 
mo protection at the top and bottom of wails 
(damp). 

- Related causes: climatic influences (e.g. wind 
action on damp wall, loss of material). Action of 
living organisms: plant parasites (mosses, lich- 
ens), rodents, insects (termites). 


STRUCTURAL DEFECTS: EXAMPLES 


- 1 Foundations: There is a danger of chronic 
structural defectiveness when structures are 
erected on unstable or weak sites (heterogeneous 
soi], landfill, soils subject to swell or subsi- 
dence, for example), The risk increases when the 
foundations are under-designed; lack sufficient 
strength or are not properly under the load, if 
they are poorly constructed, (joint cracking in 
masonry foundations or poorly constructed rubble 
foundations), or are badly drained (water and 
erosion). Tree roots and and gardening activities 
at the foot of the walls, insects and rodents 
(especially when foundations are made of soil and 
already suffer from chronic damp) can cause damage 
to foundations and debilitate walls to the extent 
of eventually causing their collapse. 


- 2 - Base course: above ground level, the base of 
the wails in particular is exposed to water 
attack. On chronically damp sites where walls may 
be weakened, and the cohesion of the material 
diminished, wind, plant parasites, deposits of 
soiuble salts and rodents and insects can aggra- 
vate the undermining of the base of the walis once 
this has started. The base course is also exposed 
te accidental damage due to vehicles, livestsck, 
or periodic work (road works, agriculture, etc.). 

- 3 - Bad construction of soil walls can greatly 
weeken the structure of the buiiding; ¢.g. in the 
case of rammed earth, if care is not taker to see 
that camming sections overlap (joints above one 
ancther or not adequatsiy staggered) vertical 
cracks will develop through the joints. The holes 
made by the formwork clamps will if left unfilied 
will weaken the walis and favour infestation by 
pests which attack the material. Variations in 
the soils used or uneven compaction can cause 
differences in the density of the compacted 
layers, causing piercing or layer formation in the 


material, if the moisture content is much less. 


than optimal, the cohesion of the material may be 
diminished; if it is too high. there will be more 
shrink cracking. 


- 4 - Perpendicular to openings, descending Icads 
can shear window breasts (cracks st right-angles 
to the plumb of the jambs). Poorly designed 
lintels can bend and give rise to cracks that 
weaken the wall. 


- 5 > Poorly bonded brick wails or brick walls 
laid with bricks of different qualities, size and 
and strength, or with a poor mortar (e.g. weak 
brick to mortar bond) are more fragile and may 
crack, 


- 6 = Poorly énchored joists fe.g. insufficient 
penetration) or the absence of a system for 
distributing localized leads (such as wooden 
hoards or stabilization) can cause shear, crack- 
ing, or failure of the material. 


- 7 + If roof leads are not taken up by ring 
beams, the walls may crack. 


- 8 - On damp sites, if gargoyles are maltreated 
and the parapet is inadequately protected, struc~ 
tural defects will soon set in. 


=. 
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1003 FOUNDATIONS : PRINCIPLES 








GENERAL PRINCIPLES OF DESIGN 


Unburnt soil structures with solid walls made up 
of smaller units such as bricks, adobes or come 
pressed blocks, or monolithic walls made of cob or 
rammed earth can be approached along the same 
lines as conventional masonry. These are heavy 
structures built on shallow foundations (footings) 
or moderately deep foundations (ground beams, 
pads) designed according to well-established 
rules. Conventional foundation systems and 
materiais are perfectly satisfactory. Foundations 
should be deep enough to be: 

~ constructed on good soi]. Se particularly wary 
for expanding soils or soils liable to severe 
subsidence (e.g. black cotton soils); 

- protected against the action of surface water 
and damp; 

- protected against frost; 

- protected from wind erosion which can wear away 
foundations (in severe storms) ; 

- protected against the effects of works in the 
vicinity (roads, gardening, agriculture); 

- protected from rodents and insects (e.g. ter- 
mites). 


SPECIFIC RESTRICTIONS AND PROBLEMS 


- Soil structures with solid walls are heavy. For 
a one~storey rammed-earth house with earth roofing 
and terrace, the downwards thrust is of the order 
of 1 daN/em*., Many soils have strengths close to 
this figure, or lower, or very slightly greater 
(the range is from 0.5 to 1.5 daN/em@). 

- Soil is only really effective as a building 
material when it is compressed and offers little 
resistance to tension, bending or shearing. The 
risks of differential settling must therefore be 
reduced to a minimum and loads properly transmit<- 
ted to the foundations. Subsidence should be 
uniform and a situation where posts and walls have 
separate foundations should be avoided. 

- Soil is very sensitive to water. Foundations of 
soil structures should be protected from water by: 
- draining surface water; 

. draining the surrounds of foundations; 

« preventing infiltration; 

» not hindering drying. 





SOLIDITY QF FOUNDATIONS 


Foundation blocks must be solid and be capable of 
providing effective transfer of loads to the soi! 
without themselves being affected. To do this 
they must be made of strong materials and not be 
sensitive to water. 


MATERTALS 


1 - STABILIZED SGIL 


= Stabilized soil is not recommended and should 
only: be used in exceptional circumstances on dry 
and well-drained sitas. If it is the only pos- 
sibie solution, the foundations are built in 
stabilized rammed earth in an open trench, or in 
compressed blocks. 

* Stabilized earth foundations on blinding con- 
crete or on stoned pitching or a layer of sand. A 
coarse concrete or reinforced concrete siab in the 
bottom of the trench represents a considerable 
improvement, 

- In wet regions soil foundations, even if stabi- 
lized, are out eof the question. if there fs no 
ather alternative, steps must be taken to protect 
the surface or make it waterproof (coating with 
hard materials, waterproof skin, etc.) 


2 - OTHER MATERIALS 


All ether materials are suitable. 

- Foundation siabs can be bufit in stone. [n this 
case rubble can be used, laid as blockwork, over 
which a mortar is poured. They can also be coated 
with mortar and tightly packed against one anoth- 
er. Care must be taken to lay the rubble in @ 
good bond to avoid cracking along the joints: 
staggering of vertical joints. 

- The foundations can also be built in coarse 
concrete. The rubtie is in this case embedded {fn 
the successive layers of concrete enveloping each 
layer of stones, covering these to a depth of at 
least 3 cm. The stones do no touch. 

- Burnt bricks are also suitable for making 
good-quality foundation slabs. Good quality 
non-perous burnt bricks should be used, and care 
should be taken to construct the bond properly. 

~- Finally, foundation slabs can be built using 
reinforced concrete and modern techniques. 
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FOUNDATIONS 





DESIGN DETAILS 





PROTECTION FROM WATER 

Earth, even when stabilized, is still highly 
susceptible to water, which diminishes its proper- 
ties. It is thus advisable to the greatest pos- 
sible extent to remove surface and underground 
water in the vicinity of building made of earth so 
as to avoid capillary rise through the founda- 
tions, 


1 = DRAINAGE 


Good peripheral drainage is essential if water is 
to be kept away from the building. It must be 
constructed with the greatest of care to ensure 
its effectiveness. DOrains should be built during 
excavations at the bottom of the trenches, close 
to the foundations or at a short distance (1.5 m) 
from the foundations. A channel (in burnt elay or 
some other suitable material) is laid at the 
bottom of the trench, which collects water and 
removes it by means of reguiar gradient. The 
drain is then filled with stones and gravel to 
create a filter system. 


2 = GRADIENT AND GUTTERS 


The soil outside the building jis specially 
arranged. A gradient of 2 em per m or more allows 
surface water to run off into a properly designed 
gutter some distance from the wall. Water-proof- 
ing the soil should be avoided (impervious pave- 
ment, etc.) in order not to hinder the evaporation 
of moisture in the soil. it is better to spread 
gravel over a narrow strip. Trenches should be 
backfilled fn compacted layers sloping towards the 
outside. 


3 = MOISTURE BARRIERS 


These can be, among others, vertical screens on 
the outer surface of foundations or horizontal 
screens serving as an anti-capillary course 
between the foundations and the base course. Such 
moisture barriers must be perfectly continuous 
and may not be cracked or defective. A damp 
coarse can be made either of water repellent 
cement (500 kg/m?) or a bituminous product. 


4 - WATTLE 


Where daub or clay-straw is used it is wise to 
take steps to treat the wood, particularly posts 
fixed in soil. Wooden posts should be embedded in 
the stone or concrete foundation slab. Care must 
be taken to drain around the structure, 


FOUNDATIONS ON UNSTABLE SOILS 


Soils in arid regions are often very unstable. 
Alluvial and dark trepical soiis in particular are 
very expansive, The instability of these sciis js 
mainly due to water action reducing their cone- 
sion. A special treatment of the soil in the 
foundation or special foundations may be required. 


1 = EXPANSIVE SOILS 

- Keep water at a distance: a peripheral drainage 
is essential as well as a gradient sloping out- 
wards (at 5 cm ner m) at the foot of the wall. 

- Dig trenches down to good soil, compact the 
bottom of trenches and backfills under slabs and 
close to the building. 

= Build rigid foundations: stones, reinforced 
concrete, piles, on filis of ccarse gravel and 
stones. 

- Stabilize the soil so that ft wiil be less 
sensitive to water. 

- Erect sufficiently flexible structures: wooden 
or metal frames. 

- Construct extremely heavy walls so as to coun- 
teract heave. 


2. SQILS LACKING IN COHESION 

- Provide for the escape of water and drain the 
edges. De not hiader water evaporation. 

- Ram the soil and/or stabilize. One method is to 
first flood the soil so that it is already packed 
once it has dried. 

- Erect floating structures: floating slabs, sole 
plates. Stabilize the soil around the sides and 
under these floating structures. 


TERMITE PROTECTION | 
GCampness end heat are favourable conditions for 
termite infestation. The following precautions 
snould de taken: 

~- Combat dampness: drainage 

- Keep berders of the structure clean at al} 
times, 

- !tsolate the structural timber from the soil: 
build on studs or piles built in masonry. Treat 
wood: harden with fire, impregnate with old sump 
oil, or creosote, 

- Plug cracks in masonry 

~ Paint the base courses white in order to make 
boreholes visible. 

- Create a chemical barrier by treating the soii 
‘with antitermite insecticides. 

- Stabilize foundations or base courses by incor- 
porating crushed glass into the soil. 
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BASE COURSES : PRINCIPLES 
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In regions with a rainy climate or exposed to 
natural water disasters (tropical cyclones, 
flooding, etc.), the base course {fs an indispens~ 
able element that ensures that water is kept out 
of the structure as a whole. 


CONSTRAINTS 
1 - WATER ATTACK 


The base of an earth wall is highly vulnerable to 
water erosion by: water splash, standing water, 
pore water. Similarly, condensation (dew, even in 
desert: climates) and repeated wetting and drying 
can cause significant erosion of the base of the 
wall. Water action can cause the following: 

* A change in the state of the material, which 
loses its cohesion and strength by constantly 
passing from the dry to the wet state. 

- Salt deposits which alter the mineral structure 
of the soil: break-down of the clay matrix. 

- Splitting due to frost in the cold season. 

- Colonization by parasitic flora (moss, lichen) 
which hold damp and facilitate infestation by 
insects and rodents. 


2 - RISE IN GROUND LEVEL 


Ground level near structures may rise as a result 
of farming activity, road works (raising of the 
roads in urban areas), the creation of waterproof 
footways, the laying out of flower beds along the 
base course, and by placing objects against the 
wall. Such a rise in ground level involves the 
more direct exposure of the earth wall which is 
gradually deprived of the protection afforded by 
the base course. 


3 + EROSION DUE TO ACCIDENT OR DESIGN 


- Human activity such as shocks from automobiles, 
carts, miscellaneous objects. 

- Activity of livestock: livestock brushing 
against the base of a wall, boring of galleries by 
rodents or termites, birds’ nests. 

- Plant growth on the surface as the result of 
damp or intentional planting bringing about 
chronic dampness and salt deposits, and efflores- 
cence. 





PRINCIPLES QF PROTECTION 


1 = WEARING LAYER eines 


This basic technique is particularly suitable for 
soi! base courses exposed to water erosicn - @.9. 
splashing, condensation, etc. A solid layer of 
soil is appifed to the base of the wall, and will 
be affected before the base course {s. Regular 
maintenance this protective layer is essential. 
Wearing layers of this sort should preferably be 
accompanied by a system for draining run-off water 
away from the base of the wall collected: e.g. a 
aiteh or a gutter. 

This procedure ig just as good for buiidings with 
evernanging rocfs as for those with fiat roofs 
toppec by parapet walls. 

Traditional architecture has made extensive use of 
this principle ef orctection: earth architecture 
in Mali, Morocco, Saudi Arabia, and elsewhere. 
This protection technique offers the advantages 
that it fs economical and easy to use. 


2 - MATERIAL DEPOSITED AT THE BASE 
Stones, bricks, wood, matting, tiles, etc. 

These protective materials are either deposited 
against the bottom of the wall or incorporated 
into its base. 

The thickness and height of the added protective 
material should be enough te allow good evapora- 
tion of pore water, 


3 - BASE COURSE wee 

Atl known solid materials can de used: stone, 
brick, concrete, 

The base course should be sufficiently high to 
cope with the the constraints imposed by local 
eroding agents (water, wind), and follows the lie 
of the land and the layout of the surroundings: 
terraces, steps, ete, Care must be taken to 
provide a waterproof layer between the base course 
and the earth wail, 


4 - HEIGHT OF THE BASE COURSE 


This depends on local rainfall patterns, the like- 
lihood of flooding, the overhang of the roof, and 
the evaporation of the water accumulated in the 
base of the wall, 

- Dry regions : 9.25 m 

- Average rainfall : 0,40 m 

- Heavy rainfall, small roof overhang: 0,60 m or 
greater, 

" Area susceptible to flooding (e.g. at the side 
of a watercourse): 0.80 - 1.00m, to allow a good 
evaporation of pore water absorbed by the base. 
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1006 BASE COURSES : DESIGN DETAILS 





1 - STABILIZED BRICK 5 =~ STABILIZED RAMMED EARTH 


SA 





brick, observing the rules of sound construction 
(bond in particular) or only the facing. In the 
latter case the difference in strength between the 
stabilized and non-stabilized brick must not be 
too great. 

It is recommended that this type of base course is 
finished with a rendering which allows the passage 
of water vapour. The rendering must end above the 
level of the ground if capillary absorption jis to 
be avoided. 

The edges of the structure must be laid out with 
care: slope away from the building, peripheral 
drainage belt, drainage ditch for surface water. 


2 = BURNT BRICK 


Burnt brick used for this purpose should not be 
porous. If this fis so, the same precautions as 
for stabilized brick is adopted. in addition, 
burnt brick can also be used as a facing only or 
to make a protective coating of bricks, and 
stones. This type of facing is an attractive 
solution for the repair of the lower part of a 
building being restored. 


3 - STONE 


Depending on its permeability, stone is regarded 
as a more or less water-proof material. Good 
quality stones can be left visible, but care must 
be taken to rake out the joints so as to prevent 
water from infiltrating. Raking-out facilitates 
the bonding of any rendering. 


4 - CONCRETE OR CONCRETE ELEMENTS 


Concrete, when correctly mixed (250 kg/m?) can be 
considered to be water-proof but it is advisable 
to protect it with a damp-proof membrane; parti- 
cularly where it is buried or where the concrete 
is on the lean side. 

Concrete biocks, whether solid or hollow, can be 
used for base courses but then best for light 
earth walls made of straw-earth, for example. A 
damp-proof membrane screen is essential. 


——————— ee 
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ALIS : This material can only be used very infrequently, Rammed earth can be stabilized throughout the en- 
—-winhc ery mmr ‘ear G0 : : 
omnes SEF cakes when it is certain that the site of the structure tire thickness of the base course or the surface 
pb abe") il : dry, well drained and protected against infiltrat- alone car be stabilized. The second procedure has 
maa 2 ; jing water: the advantage of being more economical but re- 
ows ey w The entire base course can be built in stabilized quires very careful execution. The non~stabi lized 

= a and stabilized rammed earth are rammed simulta- 


neously, layer after layer, the stabilized earth 
being rammed against the form on the outer facing 
of the wall. 

A surface coating can also be applied by laying 
down a vein of lime mortar in each compacted 
layer. The mortar is thrown with a trowel and its 
thickness controlled by a mark on the formyork to 
ensure good finishing of the wali. 


6 - CLADDING 


Cladding (siabs of wood or shingles, nailed onto 
laths) can be fitted against the base course, 
This type of work often requires a wooden lattices 
to carry the cladding. An air space increases the 
effectiveness of the system by permitting ventila- 
tion and evaporation of moisture which might be 
retained behind the ciadding. 

Woven reeds and straw matting make cheap cladding 
but must be reguiarly maintained and periodically 
replaced. Cladding has the added advantage of 
offering thermal protection, particularly when 
venti lated. 


7 - SURRGUND, FOOTWAY 


This can be a simple timber positioned lengthwise 
in front of the base course, immediately below the 
reef gutter to catch any drips. Bottles, tin cans 
or stones driven {nto the earth are just as 
satisfactory. 

Upended posts, held by cross pieces and retaining 
an earth pavement form a more elaborate system. 
The pavement should have slight gradient and be 
provided with a drainage ditch . 


8 - ENCRUSTED RENDERINGS 


A rendering covering the base course and encrusted 
with gravel or stone chippings, constitutes a good 
wearing layer. 


9 - TEMPORARY PROTECTION 


During the rainy season simple tiles or flat 
Stones positioned against the base of the wall 
form satisfactory and extremely cheap pretection. 
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1007 WALLS : PRINCIPLES AND MORTARS 
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The quality of mortar and the care taken in laying can considerably enhance the strenght of the walls. 





Wall systems in unburnt earth are highly diverse, but when the variables are ignored, the rules of The use of a cement-stabilized sci] mortar increases the compression strencth of adobe walls by 25 % and 
building in earth are universal. Of primary concern to these rules is the compatibility between the doubles their shear strength. Stabilization can double friction and quadruple the adhesion of mortar to 
mechanical stresses to which the material and the system of the structure are subjected and the perfor- the brick. A failure to fill vertical jeints decreases the compression strength by 20 to 50 % and 
mance and characteristics of the material. All designs must thus bear the "logic of earth” in mind. eliminates all bending and shear strength. The use of a mortar which is too liquid must be avoided 
The rules attach importance to the bond of masonry (brick) and the coarser bond of rammed earth, and the because of the excessive shrink and lack of adhesicn of.such material which decrease the stadility and 
susceptibility of the material to water, making protective measures necessary. Apart from these funda- | strength of walis. These considerations are of particular importance in earthquake zones. 


mental rules, however, it is worthwhile to think in terms of the building technique chosen and the 
limitations of the site. As there are several building methods for each technique, certain details of 
execution and suitable construction methods will have to be thought out from the very beginning of the 
project. 








MECHANICAL BEHAVIOUR 


Earth functions well in compression but has low 


tensile, bending and shear strength. The follow- 


ing must thus be avoided off-centre loads, 

bending and the possible bulging; point loads 
Attention must also be paid to the size and 
Stability of the main walls and dividing walls, 
pillars, and buttresses, the support of arches and 
vaulting; the bond used in masonry; and the frames 
and closures. 


DIMENSIONAL DESIGN 


Building experience has established an empirical 
relationship for earth brick walls, where the 
thickness of walls should be at least 1/10th of 
their height. The minimum thickness of rammed 
earth walls in single storey structures should be 
taken as 30 cm, while with a floor it should be 45 
cm. Similarly the distance between partition 
walls or buttresses or expansion joints (dry 
jeints planned in advance or kept strictly away 
from openings) should not exceed 5 to 6 m. 


« BOND: Earth walls made of adobes or compressed 
blocks must satisfy the same requirements with 
regard to bond as brick or stone walls. 


- SENSITIVITY TO WATER: Walls must be protected 
and with particular attention to the prevention of 
capillary rise at the base, condensation of vapour 
en cold walls, and humid rooms, as well as rain, 
frost and snow. 


- SUSCEPTIBILITY TO {MPACT: Earth walls or parts 
of walls exposed to erosion due to wear - bottoms 
of walls, corners, tops of walls, parapets, 
reveals in openings, etc. = must be protected by a 
rendering or "hard" masonry work. 


* FIRE RESISTANCE: Surface hardening occurs with 
a risk of smouldering where wood jis incorporated 
in the structure (ties, for example). 





PERFORMANCE 


The mortar used fer joints should have the same 
compression strength and erosion resistance as the 
bricks. If the strength of the mortar is less, 
erosion, and infiltration of water will eccur and 
bricks will deteriorate. if the strength of the 
mortar is greater than that of the bricks, the 
bricks will erode, water will stand on the exposad 
surface of the mortar, further the ercsion of the 
bricks. 

The mortar should be checked in prior tests for 
shrink, adhesion, ercsion and compressive 
strength. 

Stabilized mortar must be used for stabilized 
bricks. The texture and water centent of the 
mortar is different from those of the brick: the 
proportion of cement or lime in the mortar must te 
increased from 1.5 to 2 times in order to achieve 
the same resistance as the stabilized brick. 

The sheink of the joints causes a horizontal 
shrink of the wall of from 1 to 2 mm per 5 mm. 

The settling of the joints under the load causes a 
vertical shrink of the wall of frem 1 to 2 cm per 
3m. 


GOCD PRACTICE 


- TEXTURE OF THE MORTAR: Sandier than that of 
brick with a maximum grain size of 5 mm, but 
preferably from 2 to 3 mm. 

- THICKNESS OF JOINTS: Horizontal and cross 
joints should have a maximum thickness of 1 to 1.5 
em, with a maximum tolerance of 2 cm for adobes. 

- EXECUTION: Stabilized bricks must be pre-soak- 
ed and the bed theroughly wetted. Mortar must be 
spread over the joint faces of the brick and the a 
right quantity must be used. The brick is laid PIPES + 3s Saar: ee ATS. 
down rather than tapped. Protection against the 4 fog 
sun and wind is recommended, 

- JOINTING: Immediately after laving, rake out to 
a depth of 2 to 3 cm, joint up flush with mortar, 
firm with a joiriting tool. 
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BRICKWORK 





BOND: BRICKS AND RAMMED EARTH 


The bond of adobe and compressed block walls must 
be carefully worked out (position of the joints). 
A poor bond can cause structural faults: e.g. 
vertical cracking, The rules which apply to plain 
brickwork are the same as those for burnt brick. 
Rammed earth moulded in adjustable forms should be 
treated as masonry with a large bond, where the 
cross joint must be staggered at least of 1/4 of 
the length of the form and provided with perfect 
toothing at corners and wall joints. The dimen- 
sions of the forms must accordingly be adapted to 
the. bond planned in the design of the project in 
relation to the extreme dimensions of the design. 
The joints can be straight (Morocco, Peru, for 
example) or inclined at an angle (France, for 
example) and, if possible, grooved for better 
bonding. 


BRICKS: TERMINOLOGY, SIZES 


Bricks or earth blocks have 6 surfaces: a top and 
a@ bottom, 2 ends and 2 edges. The bonds in which 
the bricks are laid are named after the places 
where they are widespread and the’ pattern they 
make on the surface of the brickwork: 

~ HEADER BOND: the brick jis set in such a way 
that fts greatest dimension {is contained in the 
thickness of the wall, one of its ends appears on 
the surface. 

- STRETCHER BOND: The greatest dimension and one 
edge are visible. 

@ TILE BOND: The greatest dimension and one face 
are visible: toa be avoided since the brick is set 
in the cleavage plane . 

- HEADING BOND: The two ends of the brick are 
visible on both surfaces of the wall. 

- MODULATED BOND: Brick walls are usually laid 
using complete bricks, but three-quarter bats, and 
half-bats are also used. The bonds fn pillars 
often use three-quarter bats. 


BOND 


The distance between 2 cross joints on the surface 
of the wall, from one course to another, should 
be not less than 1/4 of a stretcher. Superimposed 
joints result in vertical cracking - and {s poor 
workmanship which must be avoided. The following 
rule is the rule for overlapping of joints: 

In the thickness of the wall, bonded rising joints 
running in one direction should overlap by no more 
than 3/4& of the length of a brick. The sum of the 
length of overlap of vertically bonded through 
joints should not exceed the length of a brick, 





CONVENTIONAL BONDS 
1 = SQUARE BRICKS 


Square elements are often used in adobe construc- 
tion in Seuth and Central America: typical dimen 
sions are 4&0 x 40 x 9 cm. Heading bend is the 
bend most commoniy used for these adobes. The 
corners require the use of a 1/2 bat for geod 
tcothings a bigger, rectangular brick helps to 
prevent weakening of the corner. The same applies 
to the bonding of outer and partition walls. 


2 = RECTANGULAR BRICKS 


The most commonly used rectangular element, pro- 
duced by the great majority of presses on the 
market has the following nominal dimensions: 29.5 
x 14 x 9em. Variations in the thickness of the 
block do not affect the bond in the chosen bedding 
plane. This type of brick allows the construction 
of thin walis onty 14 om thick in stretcher bond, 
and walis 29,5 om thick using header bond or 
stretcher and header bond. A three-quarter bat is 
required for the construction of right angles. 
Such bricks allow the construction of walls 4&5 cm 
thick, which offer the benefit of greater thermal 
inertia and of heing able tc assume the thrust due 
te arches, vaults or domes. The bonds in walls 45 
cm thick are as varied as in walis which are not 
so thick. Walls may be header and stretcher bond 
where 3/4 and 1/2 bats are used for the corners or 
in headers or stretchers, using 3/4 and 1/4 bats 
for the corners. 


Thicker walls - e.g. 60 cm = require the use of 
3/4, 1/2 and 1/4 bricks for cerners and joints 
between wails. Very thick walls, in view of their 
greater compiexity, are more difficult to executes, 
and are less economical because of the greater 
quantity of materials used and lower speed of 
laying the brick, Other construction methods 
should be sought for thicker walls in plain earth, 
such as rammed earth or cob. 
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WALLS 


CORNERS AND PARTITIONS 








BONDING BETWEEN WALLS 


Good structural bonding between the walls - e.g. 
outer walls and partition walls = are essential if 
the structure is to be strong and stable. 

The best way to bond walls together depends on 
whether the walls to be bonded are made of 
identical or different materials. 


1 = IDENTICAL MATERIALS 


In brickwork and blockwork, the bond between walls 
should be perfect, in order to ensure good 
toothing. Wall bonds must be designed in accord- 
ance with the rules of the masonry bond and the 
overlap must’ be’ adequate, with a view to prevent 
vertical cracking through the perpends. The 
complexity of the bond between walls depends on 
their thickness, and the use of 3/4 bats and 1/2 
bats is fairly common. Where a thick wali and a 
thin wall are to be bonded a vertical groove in 
the thick wall can be provided into which the thin 
wall can be fitted. Horizontal strengthing must, 
however, also be provided (bars, wood, netting). 
These strengthen the "T' bond between the walls, 
which may be installed every five or six course of 
bricks. Ties should also be constructed to link 
walls continuously at floor level. {tn rammed 
earth construction the wall bond can be rammed in 
one piece by means of a special "T" form, or the 
sections can be toothed in two directions: one 
section in two of the partition wall extending 
into outside wall. A slot tn the outer wall can 
also be provided, but in that case the wall bond 
must be strengthened horizontally in all direc- 
tions and for all sections. 


2 - DIFFERENT MATERIALS 


In this case toothed wall bonds are not recommend- 
ed since the difference in function and strength 
of the materials could cause cracking. The best 
procedure jis thus to make a slot in the thicker 
wall. For bonding light wooden frame dividing 
walls to rammed earth walls the best course is to 
embed boards in the rammed earth and to screw the 
dividing wall to the boards. The last wooden post 
for the partition can also be sunk into the wall. 
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CORNERS 


The stability of the corners is largely respon- 
sible for the stability of the structure. it is 
usually in the corners of earth houses that struc- 
tural cracks which jeopardize the structure can be 
observed. These cracks may be caused by the 
different rates of settlement of the’ ground and 
the structure (in the case of poor feundations) 
and it is thus the corners which suffer most as 
weil as the other wall bonds. Such fissures, 
however, may also be the result of pcor bonding 
between the walis. 


1 = CORNERS IN EARTH 


in adobe or compressed dlock masonry the construc- 
tion of corners requires the strict application of 
the rules of the bond. Furthermore, breaking 
bricks into smaller parts must be refrained from 
so as not to weaken the corner. [f at all pos- 
sible, a 3/4 bat is the smallest element which 
should used. A 1/2 bat {fs acceptabie if neces- 
sary, but a 1/4 bat is teo smail. 

In rammed earth, the corner should be toethed in 
both directions af the wall being bonded, or, 
alternatively, every cther section can be toothed. 
The corner can be formed in a single piece with a 
special L-shaped farm, and in this case care must 
be taken to ensure that the displacement of the 
cross joints is great enough between sections. Do 
not neglect to bevel corners, | 

In cob there are numerous exampies of thickened 
corners. These are very acceptabie and constitute 
a ferm of wearing layer. 


@ - CORNERS IN HARD MATERIALS 


There are numerous mathods of strengthening 
corners. These involve the use of stone, burnt 
brick, or the use of lime or cement mortar. These 
materials are included in the cuter cerners which 
are exposed to erosion. They are placed in the 
form (in the case of rammed earth) as the earth is 
being rammed. The corners take the form of rec- 
tanguiar or triangular toothing to ensure good 
bonding between the "hard! material and the soil, 
A layer of mortar between the two materials 
enhances their bonding. The strengthening of 
cornecs with layers of mortar must be carried out 
carefully and uniformly. 








ANY 


Ni 


bf 
é 
N\ 





263 





1010 WALLS : REINFORCEMENTS AND BONDBEAMS 








STRENGTHENED WALLS RING-BEAMS 
1 = FRAMES, STRUCTURES 











SSR 8 
Ring-beams are particularly important in ensuring 
the stability of earth structures. in fact, 
cracks and breaches in walls are due in particular 
tc the following: “ 


- Different rates of settlement; 
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To cope with stresses other than compressive 
stress, builders have developed methods of rein- 
forcing walls. Particularly well-known are the 
techniques which use studding, daubed wattle, 
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« Strains due to ficors; 
2 - TIES, REINFORCEMENT - Lateral wind pressure, from pitched roofs and 
arshes, vauits and domes. 
Tying affords a means of controlling these harmful 
limiting factors since {t prevides a continuous 
girdie for the walis in every direction. 
To be effective, ringbeams must be rigid and 
unyielding (tensile strength). 
Ringbeams can be used for cther purposes such as: 
even distribution of loads, wind-bracing, conti- 
nuous lintel, suppert and anchorage of ftoors and 
the roof. Intermediate tie systems also exist. 
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Horizontal and vertical ties are the most fre- 
quently used reinforcement systems. These are 
sometimes localized and positioned in the weakest 
parts of the walls, such as corners, or reveals of 
Openings. They are made of wood or fron (¢.g. 
sills), metal Jattice work or netting (in cor- 
ners). 

A rendering on wire-netting serves as a reinforced 
"skin" which must not be used to conceal struc- 





tural defects, such as vertical cracking. If it These are used in the sills and lintels of open- 
is used for such a purpose, it could prove inef- ings and are, in particular, encountered jin 
fective. Earth rammed in gabions is also used to regions prone to earthquakes. In the main, 
reinforce walls. however, ties are confined to the floor and the 
For thin walls (29.5 x 14 x 9 om bricks in stret- edges of roofs, to transfer loads and thrust. 

cher bond) the use of buttresses integrated into 

fagades around door and window openings can be | MATERIALS 

considered (simple abutment outwards). The walls 

are also tied horizontally at floor or roof level. The main materials used are wood, steel and 
For gable ends a pillar should be integrated in sencrete. These materials must have a high degree 
the axis of wall, worked into the bond and proper- | of adhesion with the soil in order to ensure the 
ly toothed into the wall. This pillar stiffens effectiveness of the tie. Wooden ringbeams are 
the wall, provides better resistance to wind often set in the thickness of walis, after immer- 
loading and takes up the load of the ridgepole. sion in mortar or anchored by means of stee! or 
Ties at the base of the gable transmit the thrust metal collars. Economic and quite effective 
from the roof, solutions consist ef using local wood such as 
Reinforcement systems for earth walls have been bamboo or eucalyptus. Wood is prone to water and 
developed primarily with a view to improving the fire damage and damage by termites if {t is not 
earthquake resistance of soil structures. The specially treated. it fs desirable to use treated 
majority of earthquake regions have imposed stan- and dry wood from which the bark has been strip- 
dards for vertical and horizontal strengthening ped. 

(e.g. Peru, Turkey, USA). The solutions used make Stee. ties must be fastened properly, especially 
use of wood or steel ties embedded in the walls. at the angles of walls and adequately coated with 
Corners and reveals of openings are reinforced in | mortar and concrets. Metai lattice ties also 
particular. exist. It is advisabte to cast the tie in reine 


forced concrete upon a layer of stabilized earth 
in order to ensure that the concrete adheres weil 
to the earth and that there is no deterioration 
due to contact with wet material. 
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111 OPENINGS : PRINCIPLES 
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The structural bond between the frames of openings 
and earth walls must be given particular attention 
lest cracking occur, which would give rise to 
rapid erosion, especially if there is the added 
problem of chronic damp. 


STRUCTURAL FAULTS 


Failure of sills to adequately take up shear 
stress, undersized lintels or oversized openings 
cause cracking in reveals. In addition, the 
weakening of reveals and earth wails can be 
observed when a wall shrinks on drying (e.g. 
rammed earth, cob). Certain classic errors must 
therefore be avoided such as : 

- Qversized openings: overloading of lintels and 
different rates of settlement; 

© Accumulation of openings in the same wali 
section and an excessive variety of sizes, weaken- 
ing the wall. 

- Openings too close to a corner of the building: 
bowing of the corner: 

- Openings too close together, with a pier of 
insufficient strength: bowing of the pier. 

- Weak jambs. 

- Insufficient anchoring of lintel and sill: 
shear. 

- Structural error in a wall near openings: 4.9. 
vertical cracking. 


WATER DAMAGE 


Damage due to cracking gives access to water 
erosion by cun-off, splash, infiltration, and 
standing water. The weakest points are the bonds 
between the following lintels/soil walls (anchor- 
ing), jambs/walls (toothing and bond) and sillts/ 
walls (anchoring). Similarty the rebates and 
reveals must be strengthened as well as all 
sealing around frames, and hinges of doors and 
shutters. 


lt is advisable to provide the following: 

- Orips under lintels and silis, on outside walls, 
or a system incorporating flashing which water 
cannot penetrate. Avoid unsuitable projections on 
lintels and jambs.. 

- Solve all condensation problems (e.g. thermal 
bridges). 

- Stabilize earth walls in the vicinity of reveals 
(particularly under sills)... 

- If possible, cover or render the reveal in the 
outside wall. 

- Provide waterproofing under sills. 


MECHANICAL ASPECTS 


The reveals cf openings should be generously 
designed: heavy lintels and sills and stable 
jambs. Point loads must be taken up. The opens- 
ings can be dressed in wood or masonry (taking 
care not to increase differential stresses between 
the frame and the wall). The opening can be cut 
after the wall is dry, but the lintei must be 
fitted teforehand. 


1 = LINTELS 


These can te made of wood'or concrete, stone, or 
brick. it can be cast in situ or prefabricated. 
Lintels are subject to considerabie stress, The 
lintel must be supported in the wall over at least 
25 em, and more for large openings. It fs mere- 
over advisable to increase the compressive 
strength of supporting linteis3: stabilize jambs or 
dress them in a masonry. 


2 - SILLS 


Leads transmitted by the jambs must be propertly 
taken up: lengthen the sill and add reinforcement 
under the sill. Te prevent shearing of the window 
breast, it: is best to use dry joints between the 
breast-wall and the wall proper or else use 
independent infilling after the construction of 
the wall: e.g. rammed earth wall, sun-dried brick 
breast-wall. ‘it shouid net be forgotten to plug 
the dry joints of the breast-wall once the wail 
has completely dried and is stable. 


3 = DIMENSIONS 


The following rules are vernacular guidelines, and 
do not exclude variations in the design of open- 
ings. 

- The ratio of apertures to solid sections in any 
one wall should not be greater than 1:3 and sheuld 
be as evenly distributed as possibie. Avoid con- 
centrations of apertures or excessively large 
openings. 

- The total length of the openings should not be 
more tnan 35 % of the length of the wall, 

- Conventional spans de not exceed 1.20 om, 
- The minimum distance between an opening and a 
corner is 1 m. 

- The width of a pier should not oe less than the 
thickness of the wall with a minimum of 65 cm. 
Piers less than 1 m wide cannot bear loads. 

- The ratio of the height of the breast-walling 
under sills and above lintels to the width of the 
hay should de adequate. 
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1012 OPENINGS : DESIGN DETAILS 











The reveals of openings can be dressed with “hard” 
materials so as to ensure that loads and stresses 
are properly taken up. This precedure facilitates 
the anchoring or fixing of joinery, but the 
provision of such hardening is difficults problem 
of the bond between "hard" materials and earth 
walls. 


MATERIALS 


= Stone or brick lintels can be in the ferm of 
straight lintels or a lintel course, or variously 
shaped arches: dropped, segmental, basket-handle, 
semicircular, etc. The jambs consist of either 
solid elements or are built up (e.g. brick); the 
jambs can be secured in piace in the walls with 
toothed anchors. The toothing can be either 
rectangular or triangular and the bond with earth 
walls is secured by a seam of mortar applied 
between the masonry reveal and the earth wall. 
Sills are either solid (e.g. stone or concrete) or 
are built up (e.g. bricks laid on edge). 

- Concrete makes it possible to build monolithic 
reveals, cast while the earth walls are being 
erected or prefabricated. The bond between the 
concrete and the earth (toathing) must be good and 
projections of concrete with respect to the bare 
earth wall should be avoided. 

- Wooden reveals are very widespread. The lin- 
tels, jambs, and sills constitute a rigid frame. 
This can either be set on the outside of the wall 
or form a solid mass extending through the entire 
thickness of the wall. Adequate penetration of 
the lintel or sill through the earth wall ensures 
good structural bonding of the materials. Never- 
theless it is advisable to place boards on a 
mortar bed or even on brickwork. In regions 
with a damp climate it is a better to render these 
wooden frames (roughing or studding of wood) and 
provide flashing above the lintel. 

= Reveals can be made of stabilized earth or be 
strengthened. In walls made of stabilized come 
pressed blocks the lintal can be replaced by a 
brick arch, The jambs must be perfectly bonded 
while the breast wall can be independent, con- 
structed after the walls and arches. Small open- 
ings can be of corbelled construction, if care- 
fully bonded. In rammed earth walls the lintel 
can be made of wood or be a brick arch and the 
jambs reinforced by lime mortar beds or trianguiar 
toothing in mortar, Care must be taken to bevel 
projecting angles so as to reduce erosion. 





PROTECTION OF REVEALS 


Reveals should be protected against water and wind 
erosion. This can be very pronounced on a wail 
subject to cracking. Such protection can be 
provided by giving careful attention to the 
construction of reveals. lt can moreover be 
anhanced by surface stabilization or rendering 
round the reveals. 

For dwellings with storeys abcve ground level, 
openings on walts facing the prevailing winds are 
mere exposed than on the ground floor, particuiar- 
ly at sill Jevei. The breaking wind creates 
eddies which are particularly marked near window | 
breasts and lintels of ground floor openings. it 
is thus advisable toe stabilize exposed parts, The 
sill of the upper opening should not protrude too 
much from the wail (wind erosion). The seal be- 
tween the sill and the earth wall must not be 
forgotten, nor should the flashing above the 
lintel and the throating under the lintels and 
sills be neglected. 


FIXING SUBFRAMES 


When it is planned to fix subframes for windows 
and doors directly in earth walls care must be 
taken to provide solid anchoring as the shocks and 
vibration resulting from frequent use can cause 
cracking and loosening. Pieces of wood, to which 
the joinery can be attached, can be embedded into 
the earth wails. The fastening of these boards 
(planks in the form of jambs or special blocks) is 
done by means of metal holdfasts, by nailing and 
setting after coating in mortar, or by means of 
barbed wire ties which are progressively sunk into 
the wall as the jambs are built. 


JOINERY 


Tne joinery should be made with great care and 
should be provided with throating on the underside 
if it projects beyond the wall. If the joinery is 
recessed, the sill must be provided with a weath- 
ered surface and be well inclined so that the 
water can be drained away. Care must be taken to 
fix the shutter hinges securely in the wall. The 
damp-proofing under the sil! must not be forgot- 
ten. 
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1012 OPENINGS : ARCHES 





1/3 1/3 1/3 





1/5 


2/3 


i 


Arches are good for bridging openings in walls, as 
the soil is under compression. 


VARIETIES OF ARCH 


The shapes best adapted to building in earth are: 
= semi-circular and drop semi-circular; 

- basket handle, both full and drop 

- ogee arch and drop ogee 

- tudor, elliptical and flat arch 

- catenary and parabolic 


ARCH DESIGN 


The lines of thrust within the arch can be eva- 
luated by various methods: calculation, graphical- 
ly , or by simulation. The plot of a catenary 
(suspended wire) simulates an arch bearing its own 
weight, but does not simulate the situation of a 
load-bearing arch. The resultant curve of the 
pressure line should stay within the middie third 
of the arch. If the curve leaves the middle 
third, there is reason to fear cracking. 

There are two main solutions to the problem of 
arch design: 

- The shape of the arch is determined in advance. 
The plot of the thrust lines should pass within 
the middie third of the arc and the arch is given 
the required thickness. 

- the thrust lines are determined and the shape 
and thickness of the arch are adapted to them. 
Even so, the calculations do not exactly reflect 
reality as the masonry loading the arch is net 
passive. ft has its own internal cohesion and 
forms a corbelled arch (this can be observed in 
walls which have collapsed, and the span may be as 
much as 7 m). Any plot of thrust lines is there- 
fore hypothetical. It is thus essential, espec- 
ially for large spans, to build the arches with 
great care to avoid cracking and loosening. 


PIER OESIGN 


Arches transmit great thrust onto the springing 
points and onto the piers supporting these. 
Consequently, the latter must be solid and stable. 
These thrusts can be calculated or estimated 
graphically (e.g. the Maxwell-Cremona polygon of 
forces). {t {is also possible to estimate the 
size of the piers by an empirical method: the 
prolongation of the first third of the arch should 
always fall within the pier. When two arches 
having the same plot meet on the same pier, the 
thrusts cancel one another out. In this case, 
only the descending vertical load is considered. 
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BUILDING ARCHES 
1 = ARCH RINGS 


Depending on the span and loads involved, arches 
may be built using a single, double or ctriole 
ring. A light formwork permits the construction 
of the first ring, which serves in turn as a base 
for the second, and so on, However, the ioad 
distribution of these consecutive rings must be 
correct, and they must be bonded te ane another so 
that no cracking oceurs. The actual construction 
of the bond is a more delicate task. 


2 ~ FORMWORK 


A eorbelied arch requires no formwork (with a 
shape approaching that of an ogee arch) but other 
sorts require the support of formwork. The 
formwork can be wood or metal, temporary masonry 
or something even lighter (e.g. formwork made from 
nalm trunks with a coat of rendering). The use of 
wedged wooden blocks or small] sandbags, allows the 
formwork to be remove without stressing the arch 
(risk of cracking). 


3 = MASONRY 


Arches made of adobes or stabilized compressed 
blocks must be well bonded: the heads of the 
joints between the masonry and the arch must 
cerrespond. Construction proceeds symmetrically 
from the two imposts of the arch and ending with 
the keystone. The impests are recessed in the wall 
and are cut so as to determine the direction of 
the arch and to take up the thrust as well as 
possibie. In principle the mortar is not taken 
into account when constructing the arch, the 
bricks are regarded as if they were laid dry. The 
bricks touch at the intrados, on the fermwork and 
are wedged at the extrados by 2 pebble. The 
packing of the joints must be carried out with 
great care. Special voussoirs can be used (trape- 
zoidal or interlocking) which prevent slipping. 
These bricks are better suited to large spans, and 


the arch and the masonry which it bears are — 


constructed simultaneously. fn large arches the 
keystone is ideally made of a materia! which is 
cut to size on the spot and will be quite wide (40 
cm). When pebbles are used for wedging the 
formwork can be removed immediately. if only 
mortar is used, it is necessary to allow a drying 
period tefcre daring to remove the forms. 
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1014 GROUND FLOORS : PRINCIPLES 
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By tradition, earth floors are widely used in 
earth construction. Such structures, when well 
executed, are strong, attractive, sound and 
economic. This type of floor is hardly used any 
more in modern construction but deserves to be 
revived. When badly executed earth floors con- 
stitute a health hazard. 

To construct an earth floor, certain rules must be 
followed and a few precautions taken since the 
floor must be able to resist perforation, wear, 
attack by water, standing and tive loads. It 
should distribute these loads evenly and transmit 
them to the ground; and it may furthermore be 
necessary to enhance the load-bearing capacity of 
the ground. The floor should moreover have in- 
sulating properties (thermal and acoustic), be 
easy to maintain, be attractive (texture, colour) 
and be able to accomodate services (e.g. electri- 
city supply), remain dry and be pest-free. 

Earth floors are found chiefly- in ancillary 
buildings and spaces: sheds and outhouses, for 
example. in cellar their practicability depends 
on the permeability of the underlying ground and 
the level of the groundwater (at least 3 m) and 
how well the cellar is ventilated. In general, 
earth floors can be used for dry and well-venti- 
lated spaces, on well-drained and dry soil. They 
are also used for living areas (e.g. living-room, 
bedrooms), but this demand very careful finishing 
and a more elaborate design (e.g. insulation, for 
example). Their strength, going up to 350 daN/cm? 
for point loads, is high. 


OIFFERENT RATES OF SETTLEMENT 


Floors and walls function differently, walls can 
support heavier loads than those applied to floor 
slabs. Consequently the floor should be made 
structurally independent of the walls so as to 
avoid cracking due to different rates of settle- 
ment. The material of the damp-proof membrane 
against the foundation slab must be flexible so as 
not to be altered by the different stresses 
applied by the two structures. The preparation of 
the underlying soil upon which the earth floor is 
constructed must be painstaking so as to avoid 
settlement: levelling, back filling if necessary, 
and compaction. 


DIMENSIONS 


The thickness varies depending on the load-bearing 
capacity of the underlying ground, the stresses 
due to the applied loads and the chosen finish. A 
floor comprising a foundation in pitching, a sand 
profile and covered by rammed earth, can be 45 cm 
thick. 


eg = 


PROTECTION AGAINST WATER 


Earth floors must be orotected from water in 
general and from capillary rise in particular. 
Depending on the sontour of-the ground, it may be 
Either the floor {s permeable and allows the water 
to evaporate or it is water-tight like the founda- 
tian. The water-tight membrane must be laid with 
the greatest of care and this earth must not 


subsequently cause the barrier to deteriorate. 


The latter must connect up with the water-tight 
membrane of the wall. it is thus preferable to 
envisage a layer of sand on which to lay the 


water-tight barrier. The finished level of the. 


floor wiil be above the finished ievei of the base 
course which as well will alse have been damp- 
proofed (specially between the base course and the 
earth wall). ft is furthermore desirable ta 
provide finishing the joint between the floor and 
the wall by means of a skirting board. The fas- 
tening of this skirting board must not damage tne 
vertical damp-proof membrane. The other forms of 
water attack can result from the daily use of 
water: washing floors, condensation (thermal 
bridges), or defective piping. Care must be taken 
to find a solution to all these problems. 


THERMAL INSULATION 


Earth floors do not provide much insulation, 
particularly around the edges. It is thus appro- 
priate to envisage putting down a peripheral 
thermal insulation. Care must be taken to use an 
insulating material which will not easily perfo- 
rate. 


DURABILITY 


- 1 ~ STABILIZATION: Either the entire floor mass 
or just the surface layers (more economic) can be 
Stabilizec, The same additives are used as for 
the production of stabilized earth and procedures 
are similar. Vegetable glues (e.g. white glue) 
can also be added. Stabilization considerably 
enhances the resistance to water and wear of earth 
floors. 


- 2 + SURFACE HARDENERS: Dry earth floors are 
traditionally hardened with animal (horse) urine 
and ox blood, Ox blood is sprinkled with cinders 
and clinkers and then beaten. Silicates of soda 
(floor not completely dry) or fluoscilicates (dry 
floor) can also be used. Sump ofls or a mixture 
of turpentine and linseed oil will also serve the 
purpose. A clean finish can obtained using 
polishing wax, 
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1015 GROUND FLOORS : DESIGN DETAILS 





MONOLITHIC FLOORS 


EXECUTION 

1 = PREPARATION: Before constructing an earth Floors can be constructed using standard adobe 

floor the underlying ground must be prepared. The mortar stabilized with bitumen. First the soil is TRA HOSE SRR EE Ga ET 
layer of earth containing vegetable material and properly prepared, then the mortar is poured and : ee Soe ee 
humus is carefully cleared and all organic resi- spread cut with a screed after the floor guides siaats Opt eeee tare whit 
dues eliminated from it. The upper layer of the have been positioned. Shrink cracks must be p88 Ly Botisles-est ire vee, olta 
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earth is rammed except when the soil is subject to 
swell] or when its load-bearing capacity is ade- 
quate. The ground must be dry before the floor is 
begun. 


o 2 + WATER@PROOFING: An anticapillary barrier 
can be made with a layer of clayey earth 10 cm 
applied in the moist state in carefully rammed 
layers. Each layer must be dry and fine cracks 
filled before being covered. The top layer is 
finished with a flattening hammer after ramming. 
A bitumen or lime-stabilized sandy soil can 
replace the clayey soii. Stabilized earth or a 
plastic sheet can also be used. Whatever solution 
is adopted, the damp-~proof membrane must be rise 
up along the base of the wall. 


- 3 - STONE FILLING: ODry-stone pitching, 20 to 
25 cm deep, makes a good foundation, The largest 
stones are put down first, followed by tipped 
gravel. Dry stone can be replaced by gravel and 
coarse sand or by ballast. 


- & = INSULATION: The pitching is covered by an 
insulating layer, which can be a 10 cm layer of 
clay-straw. If this layer is too pliant, it can 
be covered with a bearing coarse which distributes 
the loads. 


- 5 - LOAD-BEARING: This layer can be made of 
clayey earth mixed with cut straw or clay~straw 
containing hard and finely chopped straw (stalks 4 
to 6 cm long) to which cement mortar is added, at 
a rate of one volume of cement for every six 
volumes of washed sand. The load-bearing layer 
should be 4 om thick and always superstabfilized so 
that it will harden after it has cured. Such 
curing sometimes requires moistening (damp sacks). 


- 6 - FINISH: A finish can be made with a thin 
layer of cement grout to which fine sand is added 
or has been given an oil-based treatment. A light 
filler in the form of sawdust can also be added to 
the grout. Proportions are as follows: one volume 
of sand, one volume of cement, one volume of 
sawdust. To mineralize the sawdust it is soaked 
beforehand in a lime or cement slurry and dried. 
The final stage of the finishing can be the 
colouring or waxing of the floor. 
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filled with a finer adobe mortar and the finel 
toucnes are made with a trowel. After drying, the 
surface is treated with a mixture of turpentine 
and linseed of] and allowed to dry for a week 
before putting down each layer. The floor can 
then be waxed and polished. 


The earth-stabilized concrete mortar (one part 
cement to six to eight parts sandy soil) is also 
suitable, It is put down in a 5 em thick layer 
marked out with pegs. Contraction joints must be 
left every 1.5 m. These must be deep and well 
defined (3 cm deep and 1/2 cm wide). 


Other types of monolithic floors are constructed 
using rammed earth, sensitive to damp, stabilized 
rammed earth or rammed stabilized clay-straw. 
Insulation around the edge and a finishing screed 
(more costly) can also be provided. These earth 
Floors are not attached to the walls: A flexible 
joint can be made in clay~straw. 


FLOORS MADE FROM ELEMENTS 


Earth-stabilized bricks or tiles can be laid on a 
Z cm thick layer of mortar: one part cement to 
six parts of sandy scil. Care must be taken that 
the tiles adhere properly to the mortar. The 
joints can be filled with cement grout. The 
blocks used should be superstabilized or coatad 
with a wearing layer. These blocks can aiso he 
laid on a layer of sand and the joints filled with 
sand. 

The shape and even the colour (addition of oxides 
to the earth) of the paving blocks can be worked 
out in advance. The shape, however, should always 
be kept simple so as not to complicate the mould- 
ing operation, especially when a press {s used. 
To obtain good wearing resistance, all the corners 
of the of the blocks should be at least equal to 
or greater than 90°. They should be from six to 
nine cm thick, and can be a given a two-layer 
treatment with a superstabiiized wearing surface. 
Floors made of clay-straw paving blocks (40 x 40 x 
16 cm) coated with a wearing cover and hardened 
(e.g. with fluates) are insulating. 
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PRINCIPLES 








Raised floors can be at various levels: 

* above a basement or sanitary spaces 

- at the top of a house, under the roof; 

- on the flat roof. 

A raised floor is made up of different parts : 

- the upper surface (floor) 

- the structure (woodwork or slab) 

- the underside (ceiling) 

Each of these parts imposes conditions on the soil 
used for its construction and also gives rise to 
specific problems related, in the main, to sup- 
port. In principle, however, all the traditional 
kinds of floors can be used. 


CONDITIONS AND LIMITATIONS 


The upper surface or covering, must be able to 
resist wear and be durable, flat, pleasant to look 
at, easy to maintain and in the case of flat roofs 
be water-tight. 


The structure, woodwork or slab must be able to ~ 


support live and static loads, resist point loads, 
be very rigid and transmit loads to the supports 
properly. 

The underside, or ceiling must be pleasant to look 
at. 


FLOOR-WALL BOND 

This the support with provides the bonding between 
the floor and the walls or pillars and the trans- 
fer of loads. Four sources of defects can be 
identified : 

- 1 = INDENTATION: The support is under~sized 
and does not distribute the loads uniformly: dif- 
ferential tension and cracks. The surface area of 
the support must be increased and transfer the 
loads towards the centre of gravity of the wall. 
Supports which weaken the longitudinal section of 
the wall are to be avoided. 

- 2 > ROTATION: The floor sags and undergoes 
rotation upon its support: rising at the edges, 
eccentric loading, compression of the inner edge, 
and cracking, Care must be taken to establish a 
satisfactory load/bearing ratic and to install 
ties. 

- 3 - DIMENSIONAL DISCREPANCIES: These are 
thermal in origin or are based in the difference 
rate of working of the floor and its support. 
Direct contact between the wall and floor is 
avoided by not fastening them to wall, and hori- 
zontal ties. 

= & - DISCONTINUITY: ODfscontinuous thermal in- 
sulation causes condensation. 


EXECUTION 


Tolerances must be allowed when inserting floors 
in walls. Precautions must be taken against the 
rain or floors must be laid after the building has 
been roofed. 


SUPPORT 


There are various solutions for the problem of the 
bond between flicors and earth walls with support 
being either indecsendent of the wall or on the 
wall. 


1 - SUPPORT INDEPENDENT OF THE WALL 

e 7 - ON THE FOUNDATIONS: studs supporting the 
beams are fixed on notches on the foundation 
fceotings. This ts satisfactory for floors above 
cellars or sanitary spaces even though fixing the 
studs may be difficult. 

= 2 - ON THE BASE COURSE: This ‘is made wider 
than the wail to take the beams. .The base course 
must be levelled and and the beams must not touch 
the wall, The base course can be widened more 
cheaply by lecating beams in niches in the bottom 
of the wall, at base course level. Here too the 
beams do not touch the wall. [!n both systems ¢é 
rorizontal anticapillary membrane must be laid, 
and a skirting board fitted as finish. For 
reinforced-conerete slab floors it is best to use 
a widened base course since penetration of the 
wall by the slab will weaken the base of the wali. 
- 3 - BESIDE THE WALL: This methed makes use of 
wooden corner pieces or masonry projections from 
the wall.; This is the preferred solution for 
heavy ‘floors and nonicad-bearing walls: e.g. 
wattle filled in with clay-straw or cob. 


2 - SUPPORT IN THE WALL 


In this system there are the following dangers: 
point leading (beams) or continuous weakening 
(slabs) of the wall, rotation of the support 
(excessive freedom of movement of the beams or 
sagging of floors), different degrees ef thrust cn 
the wall, 

Point loads should be distributed by the ring-team 
or a carefully designed (weight of loads transfer- 
red at an angle of 45°) wooden, stone or concrete 
scle plate or through ties. Space for the beams 
can be hollowed out or provided when building the 
walls. Treated wood should be used for wooden 
floors, and contact between wood and earth jis to 
be avoided: bitumen felt or water repellent 
mortar, flexible material. 


3 - SUPPORT ON THE SIDE OF THE WALL 


The thickness of the wall is reduced where the 
floor passes through it. Here too care must be 
taken with point beam supports or a ring~beam 
provided. Avoid placing the fleer on a beam along 
the wali as there is a danger of it being torn 
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1017 FLOORS : DESIGN DETAILS 
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Despite its rather low tensile and bending strength, earth has been used to build raised floors. The 
results are quite remarkable, especially when the material is stabilized and/or reinforced. The main 
drawback is the weight of earth floors which makes them particularly dangerous in earthquake regions. 
In addition, these systems generate heavy loads in load-bearing walls. It is thus desirable to reduce 
the distance between the joists of earth floors (distance between 60 and 90 cm) in order to obtain 
better distribution of the loads over the walls. Among the materials used for floors, clay-straw has 
the advantage of being light and having respectable tensile, shear and bending strengths as well as 


being a good insulator. 





1 - EARTH USED FOR THE STRUCTURE 


- 1 + REINFORCED SOIL CONCRETE SLABS: The trae 
ditional systems in which soil floors reinforced 
with wood are used have been the object of re- 
search aimed at modernization. This research has 
examined bamboo (USA) and galvanized steel 
(France, Senegal). The results are far from 
satisfactory as the systems are still very heavy 
(500 kg/m*). 


2 - EARTH USED FOR THE SURFACE 


~ 2 ~ STRUCTURE: wooden structures, consisting of 
beams overlaid with boards, wooden logs or some- 
times even flat stones. To reduce dust, woven 
matting, kraft paper, or straw is laid between the 
support and the earth, which is generally rammed 
(10 - 15 em). These floors weigh as much as 250 
kg/m?, Those laid with packed clay-straw on laths 
spaced 10 to 15 cm apart are lighter (150 kg/m). 
The finish fis either a stabilized earth-straw 
wearing layer, or a rendering or even a surface 
coating. 


3 = FLOORS WITH EARTH INFILL 


These systems are frequently used to enhance 
acoustic insulation. 

- 3 - LOOSE EARTH: Many wood joist floors and 
wooden board floors, with an underside of boards 
or reed screen are packed or pugged with loose 
soil. The earth used should be absolutely dry. 

- 4 + PREFABRICATED PANELS: Usually these are 
made of daub or clay-straw and are used to fill 
the underside of the floor without adding to its 
bearing capacity. As a result, the distance 
between joists beams can be quite large - 80 to 90 
em - and the prefabricated elements can be either 
short or long: 0.40 to 1.20 m for a thickness of 
15 em and a weight of from 35 kg to 120 kg per 
element. The shape of the floor cavity makes jit 
possible to lighten the floor. 
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4 - VAULTING AND LOAD-BEARING 
INFILLS 


- 5 = EARTH-BRICK VAULTING: Floors constructed 
using brick vaulting put the soil in compression 
with bending stresses being taken up by beams in 
tinBer, steel or even reinforced concrete, The 
space between the beams ranges from 0.50 m for the 
staller systems to 2 m for the targest enes, which 
sometimes require the use of metal ties. The 
trick vault rests on the lower flanges or the 
flanks of small beams. A slight deflection (1/70 
of the span) allows the small beams to take up the 
stresses well. These systems are fairly neavy (400 
xg/m*), They can be constructed with fermwork, 
usually slip forms, with the bricks being laid on 
edge or flat in two layers and with staggered 
joints; or without formwork: Nubian style slanting 
bond. Lighter, perforated bricks and tiles, 
shaped to fit on beams, or procedures which rely 
on wedging and require no formwork can be used. 

= 6 = CASED VAULTING: The vaulting is made of 
clay-straw, and is built using sacrifice formwork 
in extremely dense reed matting giving a light 
floor (150 kg/m?). Reed is an exceiltent key for 
ceiling renderings. Flat vaulting in clay-straw 
internally strengthened with round timbers (220 
kg/m). These systems provide gcod thermal and 
acoustic insulation, 

- 7 = PREFABRICATED INFILLS: the load-bearing 
element is still 3 long or short beam, but they 
are not spaced as far apart from one another (0,50 
m). Clay-straw rough masonry is reinforced by two 
wooden rods, solving problems of bending, A con- 
crete or even stabilized earth slab (6 to 10 om) 
for distributing loads, and which can be rein- 
forced with netting, joins the beams to the 
infills. Instead of infills earth reels in 
straw-clay can be used. These systems are light 
(150 to 200 kg/m?). 

- 8 - HOLLOW INFILLS: Made of compressed sta- 
bilfized earth or extruded earth, this product js 
currently under test. 


9 - OTHER SYSTEMS 


- 9 - HYPERBOLIC INFILLS: consist of stabilized 
earth, on short reinforced concrete beams, has 
been tested in Pakistan. Loads can be as high as 
1,220 kg/m?, Research has been conducted in the 
United States (Max-Pot). 

- 10 - THIN TILES: consists of thin superstabi- 
lized bricks with a rough-cast plaster finish (2 
layers). 














1018 FLAT ROOFS : PRINCIPLES 





Roofing is the most costly part of a structure and 
can absorb as much as 70 % of the total outlay. 
In addition, firsterate workmanship is required 
for the system to be durable. By definition, a 
flat roof has a maximum gradient of 10°. A 
gradient of 1° to 2° is sufficient to drain off 
water. Flat roofs are common in hot regions but 
are not suitable for regions prone to tropical 
cyclones - there is danger of the roof being torn 
away by pressure differences. Generally, normal 
floor systems are best for fiat roofs, but these 
should be improved with water-proofing surface 
protection. Systems which use steel troughs or 
fibre-cement covered with soi? are not recommended 
because of the low bearing capacity of these sup- 
ports and the infiltration probiems connected with 

= overlapping supports. Fiat roofs made of earth 
ao encompass a great number of systems in which the 
TTT earth has several different functions: protective 
Torr tt coating, wearing layer, damp-proofing, provision 
CO of gradient, load distribution el thermal 
SSRs insulation and buffering, etc. The design of 
MNT these earth roofs depends on the use to which the 
Hee eee eel System is to be put, i.¢. whether the roof is 
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Flat earth roofs are very heavy, ranging in weight 
from 300 kg/m* to as much as 500 kg/m*. They are 
therefore not suitable for use in earthquake re- 
gions. This weight results in the transmission of 
large loads to the walls and involves large quan- 
tities of material subject to bending stresses, 
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Flat earth roofs are particularly sensitive to 
water. Torrential rains can destroy a roof, Care 
must thus be taken to ensure adequate water-proof- 
{ngs special soils (kaolins, saline soils), sta- 
bilfzation, other water-tight materials and, above 
all, appropriate design and constant maintenance, 


THERMAL FUNCTIONS 


Because of their {mmense thermal inertia, these 
roofs are suitable for hot, dry climates. If the 
roof requires insulation, stretched matting, loose 
straw, clay-straw or seaweed can be used. Lime- 
washing increases solar reflection: 90 % compared 
to 20 % for roofs left bare. 
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DRAINING OFF WATER 


- 1 = WATERPROOFING: This can be accomplished 
using common materials: e.g. bitumen felt and 
piastic sneeting: or layers of rammed ciayey 
earth, or of stabilized earth: e.g. a weil-com- 
pacted lime screed. Bitumen feit or piastic 
waterproofing must be covered with soil to prevent 
ultraviolet damage. Drain roofs and drain water 
against the direction of the prevailing wind to 
prevent spiashing. Waterproofing must be assi- 
duously maintained. 

~ 2 = GUTTERS AND DOWNPIPES: Care must be taken 
nat to fix the roof gutters against the walls but 
instead along the eaves of: the rcof. Secticns 
should be generous anc have a steep enough gra- 
dient. Drain water from each section of the roof 
individually anc allow it to escape at the end,of 
a straight gutter. Never use a tend: as there is 
a danger of overflowing and blocking. Connect 
roof gutters directly into down pipes. 

Use broad sections fer downpipes and avoid fixing 
them against the wall. Do not use fragile or 
perishable materials (e.g. plastic). 

Water should not be discharged at the foot of the 
wall: provide a rainwater shoe which facing 
towerds a drain or gutter. Oo not place a rain- 
water barrel at the foot of the wall. Maintain 
the downpipes: attend to repairs without delay. 
Downpipes built into or recessed fnto the wall 
should be avoided. Avoid decorative downpipes and 
descents: ¢.g. hanging chains (splashing on windy 
days). 

= 3 + GARGOYLES: Known on the American conti- 
nents as "“canales" these require a great deal of 
care and must be provided with a wide throat on 
the roof to lessen the danger of clogging or 
obstruction. The mouth should be well away from 
the wall: €.50 to 1 m. 

The overlap of the waterproofing in the throat 
must be carefully constructed and the gargoyie 
should be provided with a water-tight sleeve where 
it passes through the parapet. A hole fin the 
parapet jis even better. 

The gargoyle must be solidly installed and impos- 
sible to disladge. 

Gargoyles should drain away from the prevailing 
wind. 

Quality materials are used : zine, galvanized 
iron, glazed earthenware, When used, wood should 
be carved out of a single piece rather than con- 
structed - the weod should be treated for rect. No 
gargoyles should be provided above buttressing, 
windows or projections. 

The bottom of a wall must be protected against 
splashing and the water drained into a gutter. 
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1019 FLAT ROOFS : DESIGN DETAILS 
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The main drawback of flat earth roofs is that the 
waterproofing is often defective. In traditiona! 
construction, special soils are used: powdered 
soil from termite hills (Africa), salt clay mud 
(the "corak" of Turkey) or soils to.which natural 
stabilizers have been added: e.g. animal dung, 
shea butter. There are also systems where layers 
of sand and clay are aiternated, to make a thick 
layer. These roofs are heavy and their water- 
tightness can only be guaranteed if the upper 
layers becomes saturated. The quality of an earth 
roof depends above all on good execution: ram the 
earth in several layers, seal al] shrink cracks 
and compact by beating. Pebbles can be tamped 
into the surface layer. This makes a good wearing 
layer that is resistant to rain-impact erosion. 
It fis still preferable to decrease the thickness 
of the earth (less weight) and to treat or sta- 
bilize the soil. Regular maintenance is absolu- 
tely essential. 


1 = SOIL LAYERS 

If these soils are treated or stabilized, effec- 
tive stabilizers must be used. The disastrous 
example of sump of1, for example, is well known. 
Stabilization with bitumen is more effective for 
this type of job than lime or cement. 


2 ~ RENDERINGS 

A screed of lime and coarse sand, carefully sealed 
and in which the micro-fissures have been. sealed 
by 2 regularly refreshed limewash is effective. 
Rubber-based paints can also be used, but one must 
on guard for condensation in damp or poorly 
ventilated rooms. 


3 - BITUMEN FELT 

This can be placed under rammed earth which is 
then covered with pebbles and planted moss. it 
can also be fitted above the rammed earth but must 
be protected against heat with gravel. The 
connections with parapets and gulleys must be 
carefully maintained. 


4 ~ PLASTIC SHEET 
A polyethylene sheet under the soi] is just as 
effective as bitumen felt. The sofl can be sown 


with grass with non=penetrating roots. The joints 


between the roof and the walls must be made with 
care. 


5 - PAVING, TILES, FLAGS 

Accessible roofs can be paved with all sorts of 
surfaces. The gradient must be steep enough and 
the water effectively drained towards gargoyles 
and downpipes. Use a water-repellent mortar. 
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EFFECTS OF WIND AND RAIN 


Observations of airflow on walls exposed to 
prevailing winds show that at about two-thirds of 
the height of the building above the ground the 
airflow splits into two, with a rising and a 
falling current, which cause eddy effects on the 
bare surface of the wall. These effects are all 
the more pronounced, if obstacles such as ledges, 
projections, porches and eaves oppose them. Re- 
search conducted by the §.R.E. in Engiand has 
shown that the size of the projections has a 
direct effect on the extent of the erosion due to 
the combined action of wind and rain. The effect 
ig concentrated in the area the projectisns are 
meant to protect, over a distance of at least 20 
cm. The effect is all the more marked, if the 
projection is narrow (5-20 em) and higher on the 
well. The mest extreme case are the eaves. To 
limit erosion, the projection should be made wider 
(at Teast 30 cm). Furthermore, it {is abselutely 
essential to render the area above and below the 
projections for a minimum distance of 20 em, 


ROOF OVERHANG 


The function of a roef overhang is manifold: the 
retention of the soii of which the roof is made, 
decrease efosion at the top of the wall, cause 
water to be discharged away from the base of the 
wall, protect the surface of the wall against 
vertical rain and to provide shade. 

Wide eaves (at least 30 cm) are often encountered 
in traditional earth architecture. They provide 
greater stability and resistance to pressure dif- 
ferences caused by the wind. Such eaves can he 
fitted with gutters of generous proportions 
gutters, which should be firmly fastened. 


PARAPETS 


A parapet allows the roofing soil to be retained 
and gives greater control over the drainage of 
water from the roof by guiding the water to the 
gargoyles and downpipes. A parapet also serves as 
a réiling for accessible terraces and affords 
effective protection against pressure differences 
due to wind. In addition, the parapet plays an 
esthetic réle. It should be heavy and constructed 
of durable materials and/or protected from erosion 
either by a coping (30 cm minimum) made of a con- 
ventional material (stone, brick, tile, reeds and 
earth) or by a, preferably waterproof, rendering. 
The upstands of damp~proofing against the parapet 
and around gargoyles should be very carefully 
constructed. 
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PITCHED ROOFS : PRINCIPLES 





Pitched roofs with broad eaves (minimum 30 em) 
drain rainwater very well and are particularly 
well suited to earth structures. These roofs are 
also suitable for use in tropical cyclone regions 
{minimum gradient - 30°). This applies in parti- 
cular to hipped roofs (i.e. four slopes) which are 
to be preferred in such regions to gable roofs (2 
slopes). Hipped roofs offer better protection 
against wind and rain and economize on wall matere 
ial] but make the structure more complicated. 
These elaborate roofs are costly in materials and 
manpower amd it is not unusual to see that the 
pitch is reduced. This reduces the surface area 
and economizes on the roof frame and decking. 
Hipped and gable roofs make it possibie to build 
umbrella’ and "parasol" structures erected before 
raising the walls and enabling the work to be 
carried out in a sheltered area. This system does 
away with the limitations of load and thrust on 
earth walls since the roof structure bears 
directly on the foundations and slabs. There is, 
hewever, a redundancy of structure and materials 
which are only acceptable in richer economies or 
in large construction projects. 


WATER 


The roof must be built rapidly and not too long 
after the rest of the construction work. If it 
rains during the construction of the roof, the 
tops of the exposed walls must be wel! protected. 
One must always allow for the possible failure of 
the roof and make the tops of the walls water- 
tight. There fs a suitable pitch for every roof 
covering. Reducting this pitch may lead to leaks 
as the result of inadequate drainage, standing 
water or infiltration by water. Saw-tooth roofs 
are to be avoided as are roofs with two adjacent 
slopes having low edges, unless the use of wide 
sloping gutters is envisaged. The joints of 
damp-proofing must be properly executed. Wallis of 
which the upper portion forms a gable are to be 
avoided as they make flashing and mortar infilling 
necessary and this is not always reliable. The 
flashing for roofs supported by gable walls should 
be executed by means of a strip of rendering or 
wearing surface consisting of stones ofr burnt 
bricks which affords protection against water 
splash. 


LOADS AND THRUST 


Horizontal thrust must either be eliminated or 
properly taken up: there {fs a danger of walls 
bowing or cracks around openings. Loads should be 
uniformly distributed on ring beams. Reinforce 
gables of structures with thin walls: reinforce- 
ment, ties, posts. 





ANCHORING PITCHED ROOFS 


Anchoring roofs to walis is absolutely essential 
if the danger of causing deformation of the 
roofing and roof-loss in strong winds jis to be 
avoided. This precaution is of cardinal imper- 
tance in regions prone to tropical cyclones. As 4 
general rule, the anchoring system must be very 
solid and properly designed. No economies on 
materfais ere justified. The rcof must be fast~- 
ened tc outside wails, gutterebearing walls and 


gable walls, but can also be anchored to dividing 


walis. if the structure of the building fs reine 
forced with concrete or wooden posts, anchoring is 
fairly easy. !t is, however, better te anchor 
reofs on continuous ties than on isolated sup- 
ports. 


1 = ANCHORING ON GUTTER-BEARING WALLS 


= 1 = WOOD: A wall plate on a gutter-bearing wail 
can also act as a ring beam as well as an anchor 
piate. This continucus wooden support must be 
extremely well secured: e.g. caliars, anchor-bars 
bolted and fixed to the wall. When the ring beam 
is lower than the finisned top of the leveiling 
course below the roof on the gutter-bearing wall, 
the lower purlin can be fastened to the ring beam 
by clamps or metal or wooden beam ties. This same 
ring beam can be used to anchor corbels or metal 
shoes to receive a facing beam for a porch or 
verandah, even a future extension of the building 
(India}. 

- 2 - CONCRETE: A concrete ring beam makes it 
possible to provided iron ties for 2 lower purlin 
or roof beam, 


@ ~ ANCHORAGE ON GABLE WALLS 


Hipped roofs are anchored to side walls in accor~ 
Gance with the principles already set forth. For 
gable rocfs with purlins extending into the gab- 
les, the purlins can be anchored to the ring beam, 
which is an extension of the one in the gutter- 
bearing walls or an alternative ring beam at the 
height of the support of the ourlins. Metal or 
wooden tie bars fixed toa wooden corbels at the 
level of the ring beam can also be used, either 
above it (the weight bears on the ties) or below 
it (tensile stresses due to wind are exerted on 
the ring beam). This solution to the problem of 
anchoring to the ring beam aveids overloading the 
gable itself, which is the weakest wall in the 
structure. Systems incorporating clamps or wooden 
or metal ties increase the stiffness of the gable. 
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PITCHED ROOFS : DESIGN DETAILS 


1 = CLAY=STRAW SHINGLES 


These shingles consist of a layer of straw - 
visible on the roof - held in two layers of clay 
of which the second is visible on the underside. 
The clay fs protected from the rain by the straw 
which is protected from fire by the clay. The 
shingles are easy and economic to produce... Their 
sizes varies from 90 cm to 1.20 m and their width 
from 45 cm to 1.5 m, although a width of 60 cm is 
easier to lay. 

The average weight of a 20 cm thick roof in this 
material is 50 kg per m?, 


2 ~- TILES 


Two types of tiles are used: flat single-lap tiles 
(e.g. Brazil) and curved tiles (e.g. France) in 
strongly stabilized clayey earth. These materials 
freeze easily except when they are overstabil ized 
in which case they are no longer really economi- 
cal. 

Clay tiles made with phenolic resins are still in 
the experimental stage. 


3 - ROOF MORTAR 


In certain countries (e.g. Tibet) highly clayey 
soils are used instead of mortar to secure slates 
or even roofing flags. This waterproof mortar 
(saturated clay) can also be used to secure curved 
tiles or Roman tiles (e.g. Burundi). 


4 - SOIL LAYERS 


The systems are similar to those used for flat 
roofs: rammed earth or clay-straw. Damp-proofing 
in bitumen felt is laid over the soil or over thin 
wooden planking over the soil. There are also 
roofs made in bitumen-stabilized clayey earth 
reinforced with a netting (screed or shingles). 
These roof claddings are heavy. 


5 = GRASS ROOFS 


Such roofs have several advantages: purification 
of the air indoors, thermal insulation and 
buffering, control of indoor comfort by conden- 
sation and evaporation, sound-proofing. The 
thickness of the soil in which the grass grows is 
at least 20 cm resulting in heavy loads (strong 
absorption of water), making it necessary to 
design a special roof frame. The damp-proofing 
must receive top priority. In traditional sys- 
tems, treated wood or flat stones covered with 
bitumen were used. Nowadays plastic damp-proofing 


a ee ee 


is available which is put down in a single layer 
without joints. This type of damp-proofing must 
be non-flammable and aple to stand up to solar 
radiation. The pitch of this type of roof lies 
between 5° to 45°, an angie cf 20° being preferred 
as this piteh greatiy facilitates drainage. 


6 = EARTH REELS 


These consist of a clayey soil mixed with long 
fibres and rolied around spindles in the ferm of 
reels. The resulting reels are laid between thie 
purlins when still moist and pressed against one 
another. The spaces between the rows of reels are 
packed with daub. After drying, the cracks are 
filled with clay applied with a mop. A 2 om thick 
layer of soil mortar stabilized with finely 
chopped fibres and lime is then applied and this 
layer fs then covered with a roofing felt and 
covered with sand. This type of roof weighs about 
200 kg/m* (including the frame which is on the 
light side). Its use is not recommended in areas 
infested by termites. 


7 ~ PANELS 


These relatively thin elements are in clay-straw 
or daub and reinforced with wooden sticks. They 
are laid directly on simple rafters. They have a 
low bearing capacity. The panels are held in 
piace on the bottom edge of the roof by a board 
which takes up the thickness of the finished roof, 
The ridge pole is covered with a batten and a 
layer of clay-straw. The roof is given a screed 
of soil mortar mixed with chopped fibres and 
stabilized with lime is before being covered with 
bitumen felt. 


8 = BRICK ROOFS 


This uses the principle of the tile floor, It fs 
built in small flat tricks given a rough-cast of 
plaster. Both the bricks and the workmanship must 
be of a high standard, The system consists of two 
layers of bricks, the first of which is coated by 
a layer of plaster and the second by a sereed in 
sand and cement mortar, Tiles set in mortar fin- 
ish the roof, 
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VAULTS 


PRINCIPLES 





In many regions where good structural timber could 
not be obtained, builders came up with the idea of 
the vaulted roof to cover spaces. Developed very 
early on in Egypt and made of sun-baked earth 
brick (e.g. the granaries of Ramesseum in 1290 
B.C. XiXth Dynasty), the arched roof went on to 
dominate construction in the majority of countries 
in the Near and Middle East over the centuries. 
Earth roofs of this sort are still a feature of 
the architectural scenery of many towns. Made of 
earth, the vault has the advantage of exploiting 
the high compression strength of the material and 
the good transfer of roof loads to vertical walls. 


AREAS OF APPLICATION 


A large space can be covered by a single conti- 
nuous vault or by a series of small transverse 
vaults, These two systems, which are very common, 
are associated with a variety of shapes of vaults. 
The use of the vault sometimes poses problems of 
cultural acceptance, lack of adaptation to regions 
in which there is heavy rainfall or structural 
behaviour during earthquakes. There are, however, 
appropriate solutions to these problems. 


SHAPES 


There are numerous shapes: vaulted, co-ovoid, 
groined vaults, cloister vaults, ogee or ribbed 
vaults. The most common, however, is the barrel 
vault of which there are numerous shapes: round, 
continuous, basket handled, transversal, ringed, 
ogee or skewed, spiral semicircular (e.g. stairs), 
and winding. The catenary arch is another shape 
in widespread use in Nubia (whence the term the 
Nubian arch) and made famous by the buildings of 
Hassan Fathy. All these vaults may be plain, 
dropped, or raised. 


MARKING QUT 


Mathematical design methods can be used. However, 
e.g. for the catenary arch, it is more practical 
to construct a plot by using a light chain. The 
span and the rise are predetermined by three 
points in a vertical plane through which the chain 
must pass. The curve which is plotted is inverted 
and it must be confined to the middle third of the 
thickness of the vault. The shape of the formwork 
must be: corrected to the required thickness of the 
arch: a half thickness on each side of the curve. 


DIMENSIONS 


1 - SPAN: Vaults with spans of up to 6 m and 75 
om thick have been built in stabilized compressed 
blocks; whereas spans of vaults in rammed earth 
rarely exceed 2.5 m. In tran, the most commonly 
found span is 4m. This is the maximum for earth- 
quake regions, and for such regions ft has alse 
been established thet the ratio of span to length 
should be equal te 1.5 x width. if the value of 
span to length jis greater than this, there is a 
danger that the vault will resonate and shatter 
(according to research conducted by the University 
of Baja California, Mexico}. 

~2- RISE: the less the rise, the greater the 
lateral thrust, the greater the rise, the lower 


the thrust, approaching a limit vaiue of zero.. 


For catenary vaults the conventional ratic of span 
to the risinc indicates that the rise should be 
equal to 50 cm plus half of the span. In earth- 
quake zones it is advisable to Jimit the rise to 
between 20 % and 30 % of the value of the span. 

- 3 - THRUST: If the rise is very large the 
thrust on the walls can be enough to cause them to 
collapse. The methods used to determine the di- 
mensions of arches and piers can be used to deter- 
mine the dimensions of walls. Above all wat! 
bases and wall foundations must be carefully 
designed. There are several ways of ensuring the 
stability of vaults. 

- Thick walls: these require a great deal of 
material and should not be weakened by large 
openings. 

- Buttresses which must be supported by good 
foundations linked to the wall foundations. 

- Prestressing load (parapet or pinnacie), which 
transform lateral thrust into vertical thrust. 

- Tie bars which eliminate thrust; these must be 
evenly distributed and securely anchcred. 

- Tying taking up thrust and which should be able 
to resist the bending forces induced by thrust. 


WATERPROOFING 


This is the major problem with vaults in regions 
where rainfall is heavy: infiltration through fine 
surface cracks (result from expansion in repeated 
hot and cold cycles), inadequate drainage at the 
crown and kaunch (water accumulates and permeates 
the material: the slope must be made steeper). 
Vaults must be carefully protected from rain by 
means of damp-proof renderings, such as washes, 
bitumen felts, elastic paints, and by regular 
maintenance. 
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CONSTRUCTION SYSTEMS 
1 = BRICKS - WITHOUT FORMWORK 


The "“Nubian-style”™ method exploits the mutual 
friction of the bricks and the adhesion of earth 
mortar, the courses being inclined at an angle of 
between 10° to 15°. The bricks must be light 
(e.g. adobe rich in straw) and not thick (5-6 cm). 
Thinnish compressed blocks with grooves to enhance 


their adhesion can also be used. The main difficule- 


ty is respecting the curvature and (confinement to 
the middie third). A template for the construce 
tion is a must for inexperienced builders. 


2 = BRICKS - WITH FORMWORK 


The formwork makes it possible to work parallel to 
the walls. It can be heavy and fixed or light and 
sliding. In the latter case, the builder proceeds 
in successive layers of bonded bricks or even in 
rings. The setting of the keystone of the arch 
must be carried out with care. 


3 = RAMMED EARTH ON FORMWORK 


Although rarely used, this construction system 
does exist. Monolithic arches made of crammed 
earth and on formwork are generally dropped and 
heid in position by ties. The layer of earth 
above the extrados is given a gradient. The form- 
work is very heavy and fixed (ramming stresses) 
and cannot be used for several days. 


4 - MUD OVER FRAME 


An arched structure consisting of interlaced 
branches is covered with mud from earth to which 
cow dung has been added. The rigidity and water- 
resisting qualities of the system are precarious. 


9 - PREFABRICATED ELEMENTS 


Hollow elements are prefabricated by double-acting 
hydraulic presses. The system is highly sophisti- 
cated and requires the use of concrete bars to 
provide the prefabricated vault with a high degree 
of stability. The vault is assembled in small 
half vaults assembled on a ring. 


CONSTRUCTION OF BRICK VAULTS 
WITHOUT FORMWORK 


1 = STARTING THE VAULT 


The springing of the vault can be supported in two 
ways. 

- Against a vertical support: a suitable gable 
wall on which the entire curve of the vault js 
inscribed. This supporting wall must be heavy and 
perfectiy stable and not have any defects in bond 
which could cause cracking under the thrust of the 
arch, 

- Against a horizontal support: the vault {fs sup- 
ported by the last courses of the gable wails end 
starts like a dome. The courses are progressively 
altered until an angle of inclination of 15° is 
reached. The bond between the gable wails and 
gutter-bearing walls can describe a rectangie, a 
triangle or half-hexagon or even a semi-circle. 
The latter is recommended for earthquake zones 
since the vault behaves as a monocoque. Vaults 
supported by a vertical gable wall risk breaking 
because difference in the amplitude of vibration 
between the wali and the vault during an earth- 
quake, 


2 - ENDING THE VAULT 


At the end of the vault the angie of inclination 
of the courses be retained, but it is preferable 
to gradually true ft up until the vertical is 
reached. The vault can then be supported by on 
another vertical gable wall or the tympanum can be 
closed with masonry. The two gables can also be 
started simultaneously and the courses joined in 
the middle of the arch, 


3 - PROFILE OF THE VAULT 


This is uniform in appearance if the procedure of 
progressively canting the courses, the bricks 
being laid flat is employed. Highly attractive 
profiles can be obtained, however, by using a 
wheat-ear or herring-bone bond. Complex bonds 
must be executed with great care and the bricks 
snugly wedged into the joints at the level of the 
extrados with small pebbles. 


MANPOWER 


In Nubia, one master mason assisted by four mates 
can cover from 12 to 15 m* a day. If the crew is 
inexperienced, output jis much lower. In the 
latter case it is advisable to use a light tem- 
plate (e.g. made of steel wire), which facilitates 
execution and gives an even curve. 
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DOMES : PRINCIPLES 





The dome is a vault of circular cross section the 
intrados of which is generated by the rotation of 
am arch about its vertical axis. Like the arch 
and the vault, the advantage of the dome jis that 
it uses the material in compression. 


AREAS OF APPLICATION 


The most usual function of the dome is to totally 
cover enclosures. Like the vault, the dome is not 
suited to regions with heavy rainfall. Domes 
perform well in earthquakes; it is the walls that 
are rather fragile, and which must be well-design- 
ed or reinforced: buttresses, tying. From an 
architectural point of view, the dome poses cer- 
tain problems with respect to the design of the 
enclosed spaces: considerable heights are achieved 
with unflattened domes. The normal diameter of 
adobe domes is about 4 m (Iran), but diameters up 
to 7 m have been achieved using stabilized com- 
pressed biocks, Another problem connected with 
domes is their acoustic resonance which renders 
them unsuitable for certain purposes unless 
special measures are taken: such as elaborate 
bending, stretched materiais, or saphisticated 
design. Simply shaped domes built in isolation 
are easy to construct, but when a project involves 
a series of domes, arches and vaults, the site 
must be well-organized and the ouilding crew 
experienced. It is also possible to construct 
two-layer domes where, for example, the extrados 
is raised and the intrados dropped - thus provide 
ing an insulating cushion of air between the two 
layers and a better gradient for draining off rain 
water, Openings can also be made in domes without 
affecting their stability, except in earthquake 
zones. Traditionally, domes are water-proofed 
with a screed (e.g. bitumen, lime) or by surfacing 
with burnt brick and ceramic tiles (e.g. Iran). 


SHAPES 


These are defined in terms of elevation and plan. 
The elevation encompasses virtually a1] the shapes 
of arches and vaults. Plans can be either cire 
cular, elliptical, square, rectangular (oblong 
dome}, etc, There are also half-domes or half- 
rounded vaults. 


SETTING QUT 


Simple hemi-spherical domes are easy to set out 
but more elaborate plans necessitate the use of 
geometric formulas of considerable complexity 
(e.g. mosques in the Iranian tradition). 
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DECORATION 


Whether internal or external, done by means of 
highly elaborate patterns of bricks, rendering, 
painting, or tiling, there is no limit, except 
taste, to the ways in which domes can be decorat~- 
ed. 


SUPPORTING DOMES 


The supporting structure can vary greatly depend- 
ifg on the pian, and the height of the walls, the 
diameter of the dome and its centering must be 
adapted to this. <A spherical dome on a circular 


plan poses no problems, but square, rectangular or 


pentagonal plans give rise to complex settina out 
and necessitate the construction of intermediary 
Supports such as squinches and pendentives. 


1 = SQUINCHES 


These are small vaults that provide support. 
Usually they are conical, half-domed or semi-cir- 


suiar with a face arch. They are built at the 


inside corners of polygonal compartments and serve 
to multiply the number of sides to the corner with 
the result that the form approaches a circle and 
che start of the dome is facilitated. The use cf 
Squinches tends to raise the height of the dome. 


& = PENDENTIVES 


A pendentive is a squinch the intrados of which is 
a concave spherical triangle. The use of penden- 
tives lowers the height of domes. Domes using 
pendentives on oblong compartments are well known 
from Byzantine and Renaissance architecture. 


3 - LINTELS 


These are positioned at the inside corners and 
made of wood, steel or concrete. A smaller amount 
of material fs used but the system needs materials 
with a high tensile strength. 


4 + STARTING AT THE CORNERS 


The dome starts at the four corners simul taneously 
as if it were a vault. Where the courses meet the 
angle between them may be 45°, 


9 © STARTING FROM THE WALLS 


The work is started as if it were a vault, but it 
is difficult to join at exactly the same height 
and with the same curvature. 
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DESIGN DETAILS 





CONSTRUCTION SYSTEMS 
1 = MONOLITHIC DOMES 


These are domes built by hand, using pottery 
techniques adapted to architecture. A case in 
point are the famous shell-shaped dwellings of the 
Mousgoum tribe of Cameroun, but which are becoming 
increasingly rare. These consist of a highly co=- 
hesive specially prepared earth shel], 15 to 20 cm 
thick at its base, 5 cm thick at the top and 7 to 
8m high. It is constructed without scaffolding, 
but a surface relief gives footholds while at the 
same time dividing runcoff effectively reducing 
erosion. Modern versions using rolis of extruded 
earth have been tested at the T.H.K. (Germany), 
where the construction of a rammed earth dome has 
aiso be tried with success. 


2 - CORBELLED DOMES 


These are erected by building inwards on succes~ 
sive horizontal courses, which hold thanks to the 
adhesion and cohesion of the mortar. This prine 
ciple has been adapted to conical and pyramidal 
shapes (projects in Honduras in the 1980's), but 
the execution is very slow since it is necessary 
to stop for drying every two or three courses of 
bricks. 


3 = DOMES WITH INCLINED COURSES 


This involves the construction principle developed 
by traditional Nubian architecture (Upper Egypt) 
and adopted in designs by Hassan Fathy (village of 
New Gourna project). The construction system is 
very cunning and rapid. 


4 - DOMES ON SACRIFICE FORMWORK 


This method is typical for the architecture of 
Niger and Nigeria, among others. The dome is 
built using brushwood and small branches and then 
covered with earth, which makes the structure 
rigid and waterproof. Inside the wood ribs are 
also covered with earth. 


5 = DOMES ON FORMWORK 


Formwork is indispensable for extremely flattened 
domes. In India, funicular shells (which transmit 
uniform vertical forces) having a span of 5.20 m 
and a rise of 60 cm, have been constructed. The 
formwork must be light, mobile, and easily 
dismantled to be effective. 





EXECUTION 
DOMES WITH INCLINED COURSES 


These are erected using independent closed rings. 
They can also be built as a continuous spiral 
Starting from two or three different points: the 
courses overlap without connecting with one 
another, Using this method two or three experienc- 
ed bricklayers can construct a dome 3 m in dia 
meter in one day. The opening of the joints in 
the extrados is plugged with small pebbles. The 
bricks can also be Taid obliquely to increase 
friction: trapezoidal elements correct the oblique 
orientation and serve as keys. As in the case of 
vaults, the courses are inclined at an angle 
ranging from 10 to 15°. 


BRICK 


Small, square or rectangular, light (high straw 
content) adobes or stabilized compressed blocks, 
between 5 and & cm thick, are the types of bricks 
nermally used. Keying or raking enhance adher- 
ence. The standard thickness of the domes ranges 
from 10 to 30 cm, 15 cm being a frequently found 
vatue for 3 to 4 metre spans. | 


FINISH © 


When carefully laid and the joints well raked out, 
a simple iimewash is enough for the internal fin- 
isn. For the exterior, a fairly thick rendering 
will assure an attractive finish and good water- 
proofing. 


TYING 


if this is planned, ft is positioned at the base 
of the dome, above the pendentives or the squinch- 
es and cast in-situ in the thickness af the dome 
or even carried through onto the extrados. 


TOOLS 


Traditionally, this type of dome {s constructed 
without tools. The mason's eye, aided by a mark 
ing-line attached to the focus of the dome and the 
mason's wrist, is sufficient. A tool has been 
develaped that frees the hand: the "dome tracer". 
This is an adjustable radius that indicates the 
position of each brick as well as showing the 
correct inclination to each brick js, 
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FIREPLACES 






AREA QF APPLICATION 


Earth can be used in for an immense variety of 
applications, including the construction of kilns 
and furnaces, fireplaces and fiues. Such equip- 
ment functions well but requires regular upkeep, 
without it, it is liable to deteriorate rather 
rapidly. One is inexorably led to the conclusion 
that burnt earth materials are better suited to 
the building such items equipment and that they 
are clearly more durable. The use of earth as a 
monolithic material, e.g. rammed earth or cob is 
acceptable, but is not recommended for making 
fireplaces or fiues, because of cracking and 
shrinkage problems. On the other hand, construc 
tors will find stabilized compressed bricks or 
very compact adobes serviceable. 


HEARTHS 


There are two possibilities: either the hearth and 
fireplace surrounding it are constructed using 
sun-dried earth or the ffreplace is constructed 
using burnt materials and the hearth built in raw 
earth. If the earth is very clayey, the firing of 
the fireplace flue will cause shrink cracking 
which must be plugged with the greatest of care. 
if the earth is less clayey, the heat will cause 
drying and the material will lose its cohesion and 
become friable. These are the problems associated 
with burning at low temperature; a temperature 
ranging from 600° to 900°C is necessary to produce 
a quality burnt material. 


FIREPLACES AND FLUES 


While it is true that the inner facing of kilns 
can be made in raw earth as opposed to the outer 
facing for which burnt material is necessary, it 
is also true that firebacks must be made of 
refractory material. Internal cracking in a kiln 
is acceptable; ft is less so in the case of an 
indoor chimney. The mortar used can be made from 
unstabilized earth to which ground burned brick 
has been added, the latter serving as sand. All 
of the cracks in the hearth must be plugged with 
care. Flues in unburnt earth are not recommended. 
Earthenware {incorporated into the thickness of the 
walls or built outside, f.e. external flues, is 
preferable, This precaution guarantees the 
stability of the flue and helps to prevent noxious 
gases from escaping through the cracks. Inside, 
ducts can be rendered in raw earth but chimney 
pots on the roof should be in burnt brick.. 








FIRING uP 


No fire can be kindled until the masonry of the 
oven or fireplace has completely dried. The first 
fire should be moderate and slow-burning; an ine 
tense fire {fs itiable to damage the structure, 
Cooling should also proceed siowly. With the 
second firing, the temperature should be raised 
slightly so as to bring about controlled smoking 
(e.g. wet leaves) at the end of burning when the 
fireplace is hot and has expanded. in this way 
any possibie escape of smoke scan be detected 
through cracks which will then be located and 
plugged. Where earth and metal meets (e.g. the 
cover of the oven) a little salt can be applied, 
as when heated salt hermetically seals any cracks. 


APPLICATIONS 


- 1 - RANGES: Numerous agencies and institutes 
specialized in the relevant technology have pub- 
lished details of improved medels of earth kitchen 
ranges. Some of these, such as the herl chula 
(india) or the pouna, lorena.and singer are well 
known. These earth furnaces consume 10% to 20% 
less wood than conventional open-hearth ovens. 
The common feature of the majority of these 
furnaces is a heating tunnei which passes through. 
amass of earth. 


- 2 - OVENS: These are very often a vault, or a 
conical dome, (e.g. the ovens cf the Pueblo 
indians). The walls must be quite thick and the 
height no greatar than 60 cm for the heat to be 
retained. The base of the oven can be made of 
sun-dried or burnt brick, on a layer of sand and 
ground glass. Such a layer retains heat very 
effectively. 


~ 3 - OPEN HEARTHS, FIREPLACES: These are often 
built fn adobe and their construction poses no 
major problems, Open-hearth fireplaces are often 
installed in every room of the adobe homes cf the 
American South-West where they are hallmark of the 
so-calied "Adobe Style". it should not be forgot- 
ten that an open hearth made of earth is heavy and 
requires good foundations, and to take the normal 
fire-hazard precautions for building open hearths: 
such as not fitting a wooden beam or lintel across 
the flue. It is better to build hearths in re- 
fractory brick. 


° 4 - BOILERS, STOVES: The Chinese and Korean 
K'ang are well known examples of these: a mass of 
earth is heated by the flue gases, and slowly 
releases the warmth, 
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Tre installation of supply and drain pipes in 
earth homes must be carried out with special care, 
as constant moisture can have very serious conse- 
quences. in principle, every attempt should be 
made to centralize the plumbing to the greatest 
possible extent so that it can be easily examined 
and maintained, while avoiding adding to the risk 
of defects which would be difficult to locate. 
All waste water must be carried outside the house 
well away from the foundations. Gutters and 
manholes must be carefully maintained. Inside the 
house attention must be paid, in particular, to 
the fittings in rooms containing plumbing instal- 
lations: kitchen, water closets, and bathrooms as 
there is a considerable likelihood of damp. They 
must be ventilated and provided with easily ac- 
cessible floor drains. Floors must be adequately 
sloped for drainage. The showerbaths must stand 
away from earth walls and these must be protected 
by a ventilated waterproof coating (danger of 
condensation). Attention must be paid to ducts 
that may cause condensation: ¢.g. air conditioning 
and heating. It must be possible to drain any such 
condensate away. The siope of ducts and drip 
channels must be adequate or else the ducts must 
be insulated. 


1 - SITING PIPES AND DUCTS 


The incorporation of pipe and ducts into earth 
walls is not advised. The best course is to make 
use of some part of the structure which is not 
made of earth (stone or concrete base courses, 
vertical and horizontal tying, wooden frames) for 
securing them. Such fastenings must carefully 
constructed to prevent leaks. 


2 - FASTENINGS 


The anchoring points of pipes, ducts and applianc~ 
es must be planned in advance. Wooden blocks of a 
good size firmly anchored in the walls will allow 
the fastening of brackets, hooks and rings. Wash 
basins, sinks, water-heaters, expansion tanks, 
etc. can be fixed on, for example, venti: ated 
weoden structures. Walls must be protected 
against any possibility of splashing: protective 
facing and plinths. 





ELECTRICITY 


An earth house, like any other house, {is supplied 
with electric power by means of a connection with 
the existing mains. If the mains supply is under- 
ground, connection poses no problem and can be 
effected at terminais and in cabinets (external 
meters). In the case of large housing complexes 
the connection of the electrical networks .to the 
houses must be worked out in advance, (Cn the 
other nand, when the mains supply is from overhead 
wires, the problem of the connection of the mains 
supply to the house requires. careful attantion. 
Tne wires are very heavy, and once they are taut, 
induce tensile stress and vibrations. Cense~ 
quently, the anchoring of mains supply brackets 
Girectiy to the earth walls. themselves is aot 
recommended, They should rather be anchored to 
parts of the house that can resist tensile stress, 
e.g. vertical and horizontal ties. 


1 = WIRING 


lt is advisable to incorporate sheathed wiring as 
well as all shielded conductors inte the thickness 
of the floor slabs or floor sereeds (widespread 
practice) or into "hard" base courses where re- 
cesses or anchoring points wiil have been provid- 
ed. Maximum use must be made of materials other 
than earth - wood, concrete <- for fastenings: e.g. 
the wooden framework in clay-straw structures. 
Generally speaking, grooves should not be made in 
earth walls for wiring but this is a viable solu- 
tion if a rendering is provided. In that case the 
grooves are plugged with earth or martar and fini- 
shed with rendering on netting. it is wise to 
make use of plinths and door frames or to provide 
a cable duct on the ring beam or in the thickness 
of floors, 


2 - FASTENING 


Switches and sockets can be flush-fitted or sur- 
face mounted. If they are flush-fitted they must 
be very deeply embedded; properly designed fitting 
must be used for this purpose. The bedding can be 
in plaster. Surface-mounted fittings shouid pre- 
ferably be instailed on the base course, on 
plinths, on the subframes of openings, and verti- 
cal wooden frames. When mounting fittings on 
earth walls, small wooden blocks integrated in 
advance in the walls and embedded in deep plaster 
should be provided for mounting purposes. 
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1028 RENOVATION AND PRESERVATION 


a 


RENOVATION 


The renovation of an earth structure, like that of 
all structures in other materials, consists, by 
definition, of giving a new look to a structure 
marked by years of use. Sometimes major opera- 
tions are required to wipe out these ravages of 
time, particularly if it is planned to thoroughly 
revamp the building. Less far-reaching works will 
be required when what can be described as improve-~ 
ments are carried out. The renovator is, however, 
immediately confronted with a major decision: 
should the causes of deterioration be tackled and 
thus providing a lasting repair or should only the 
symptoms be dealt with, thus allowing the basic 
defects which are destroying the core of the 
structure to remain. 


RESTORATION, REHABILITATION 


Restoring a structure entails dealing with exist- 
ing damage and directly curing defects in the 
carcase of the building: structural defects - 
cracking due to different rates of settlement (bad 
‘foundations), cracks due to poorly underpinned 
-loads (e.g. lack of ties) <- and water-related 
damage: e.g. hollowing at the base of the wall 
owing to capillary action. Such restoration can 
involve major work on the underground work of a 
building: e.g. redoing foundations, construction 
of a base course, and rebuilding partition walls. 
Apart from the restoration of the carcase of the 
building, restoration of minor structural work may 
be required, ¢.g. openings; and installations: 
plumbing and electricity, and other equipment. 


If the project involves the restoration of a his- 
torical structure "to it original condition", the 
restoration process must respect to the historical 
background of the structure. If, on the other 
hand, the restored structure {is to be used for 
anything more than as a witness to history, it is 
better to speak of rehabilitation. In this case 
the restoration must give greater thought to the 
future occupants of the structure, who may have 
very different requirements than the -original 
occupants. The original layout of the building 
may be restored if the objective is a historically 
accurate restoration. if the rehabilitation of 
the building is envisaged, the potential occupancy 
scenario(s) for the structure will affect al] 
Stages in the restoration and impose spatial, 
formal and esthetic limitations, which themselves 
dependent upon the structural limitations and the 
original layout of the structure: position of 
walls, extent of structural damage, etc. 
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Rehabilitation more than restoration is primarily 
concerned with the practical responses which are 
made to the needs of using the structure, rather 
than responding to the historical image of the 
building. Apart from the foregoing clarifications 
of the problem, restoration very quickly becomes 
subject to a number of budgetary limitations as 
the cost will be very different for the two dif- 
ferent courses. In fact, the rigorous pricing of 
the work involved assures the real feasibility of 
the operation and, above ail, its completion 
within an acceptable time limit. Such estimates 
must be made by an expert since it is undoubtedly 
more difficult to restore or rehabilitate an earth 
structure properly than to erect a new. building. 
Determining the extent of deterioration, the ways 
to cure it, and the restoration techniques used 
has a direct effect on the cost of the operation. 
This estimate must not be made lightly but with a 
full knowledge of the problems and solutions. 
This is why the programme of operations must be 
formulated step by step: historical research, 
accurate surveying, assessment of damage (parti- 
cularly for damp, which may necessitate the drying 
out of the walls, restoration of level, and the 
drainage of the natural ground), scenarios for 
future use, details of construction systems, and 
renderings. The budget will determine possibili- 
ties and available means, especially, among 
others, for the restoration of a building's 
underside ~ foundations, base course, wall drain- 
age, floors, frames, openings - which can be very 
expensive. Priority must in any case be given to 
the major problems: e.g. absorption of the water 
causing the damage, and the reinforcement of the 
structure. 


PRESERVATION 


The preservation of earth architecture of a 
historical nature has been undertaken by many 
countries, who seek in this a way of preserving 
and restoring pride in their architectural heri- 
tage, which is cf considerable cultural value. 
Apart from the restoration of isalated buildings, 
preservation fs now also concerned with archeclo- 
gical sites, some of which may be very extensive. 
The example of the Middle East comes particularly 
to mind, There, structures which constitute a 
living testimony to the important civilizations 
that grew up in Mesopotamia, Elam, Sumaria and 
Babylon, are threatened with destruction because 
of @ lack of maintenance or restoration techniques 
incompatible with the soil used in their construc- 
tion, and which could well hasten the destruction 
of these sites. This problem is in fact fairly 
widespread and nowadays the very survival is at 
Stake of the remains of all the great historical 
civilizations which have bequeathed a legacy of 
raw earth architecture. to nearly all the 
continents of the worids. 


The preservation of archaeological sites or 
historic monuments made of raw earth poses ex- 
tremely delicate preblems since soil as a struc- 
tural material requires appropriate restoration 
treatments and these are sometimes incompatible 
with those suited to other materials: problem cf 
impermeable renderings, which may cause chronic 
damp - as a result of the barrier to movements of 
vapour in walls; as well as prablems of know-how 
for the restoration of buildings using the origin- 
al construction techniques. Apart from these 
problems which are specific to the use of soil as 
a structural material, there are the problems 
which are common to all operations aiming at the 
preservation of historic buildings. 

Among these are the foiiowing: 

- Should one refrain from transforming the appear- 
ance of the monument or site and attempt to preo 
serve it in ‘ts current state no matter how ade 
vanced the deterioration? if it is decided to do 
So, intervention will consist essentially of 
protection techniques, providing shelter or 
stabilizing the material. 

* Should one modify the environmental conditions 
which appear to be causing the deterioration of 
the site or building with a view to arresting the 
process which underlies such deterforation and {fs 
already underway? If so, drainage techniques 
which include levelling the ground and the reduc- 
tion of gulleying (e.g. by planting) are indicat- 
ed, 


- Should one reconstruct the buildings either 
partially or completely and attempt to restore 
their original appearance? {f so, demolition and 
reconstruction operations which require great 
technical competence, if the decay or disfigure- 
ment of the buildings is to be avoided. 

Nowadays there are international agencies which 
have breught about a proliferation of conferences 
and seminars on the thame of the preservation of 
sites and historical bui!dings. A case in point 
is the iCCROM or laternational Centre for the 
Study of the Preservation and the Restoration of 
Cultural Property, which was founded by UNESCO in 
1959 end which acts as an independent, inter- 
governmental scientific organization. .!t has 
various functions, including the collection and 
study of technical and scientific documentation on 
the subject of the preservation of cultural 
property, the coordinaticn and stimulation of 
research institutes working in this area, the pro- 
vision of advice and the making of practical tech- 
nical recommendations and contributing to the de- 
velopment of competence in the field. There is 
also the ICOMOS or international Council of Monu- 
ments and Sites, which organizes numerous interna- 
tional seminars: Yazd (Iran), 1972; Santa Fé (USA) 
1977; Ankara (Turkey), 1980; Cuzco (Peru), 1983. 
Apart from the actions undertaken by these inter- 
national agencies, the methods used to preserve 
Sites and buildings made of sun-dried earth can be 
summarized as follows: 

- 1 + Protection of the site or the building: con- 
struction of structure over the building, leaving 
it intact after reinforcing a few vulnerable 
parts. 

- 2 = Building a shell: the construction can for 
example be rendered with a water-repelling cement. 
- 3 - Grouting: products grouted into the soil 
masses maintain its condition and hopefully give 
it adequate durability. 

= 4 = Demolition and reconstruction, while trying 
to remain as faithful as possible to the original, 


The following types of products are used to 
Stabilize the material: fluosilicates of sodium, 
silicate of sodium, epoxy resins, polyesters and 
polyurethane foams, ethyl silfcate, conventional 
binders such as cement and lime, and soil-based 
renderings. Current research aims at improving 
the long-term effectiveness of these products as 
well as developing codes of good practice for 
their use, 
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1100 BUILDING FOR DISASTER 


The world is regularly shocked by devastating natural 
disasters: earthquakes, hurricanes, and floods. Although 
the number of disaster-prone regions are relatively 
limited compared to the total surface area of the world, 
the consequences of such natural catastrophes should not 
be underestimated, and it is often the developing coun- 
tries which are most cruelly hit. 


In 1976, a year of exceptional seismic activity, more 
than 500,000 persons lost their lives in countries as 
diverse as the Philippines, South-East Asia, Turkey, 
Ttaly, and China. 


The commonest cause of death is the collapse of homes: 
90 % of deaths occur precisely in those areas where 
housing is cf poor quality. The vast majority of these 
structures are in earth. The greatest tragedy of all is 
that in our times great progress has been made in the 
construction of earthquake resistant structures, and this 
tragedy is perpetuated whenever a building is put up 
which ignores these advance. Unfortunately when dwell- 
ings in disaster areas are rebuilt they use the same 
methods which have already so sadly demonstrated their 
inadequacy. The explanation may lie partly in the haste 
with which reconstruction is carried out, the lack of 
time and means, but above all in the lack of proper 
information. 


Thus the same mistakes are repeated over and over again, 
with the occupants. continuing to be at peril. Neverthe- 
less it has been clearly established that it is net the 
earth itself which is at fauit, but the way in the earth 
is used in the structure. Practical trials have clearly 
demonstrated that a well-designed and well-maintained 
earth dwelling can stand up to the majority of earth- 
quakes. This is equally true of other walls. 


No great expenditure is required - adding only about 7 % 
to the cost of the structure - for these improvements, 
which resuit in an immense reduction of the risk of 
collapse. 
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1101 EARTHQUAKES 


EQUATORIAL RING 


PACIFIC RING 


The continents are in motion, California is splitting off from the rest of the USA and Africa will 
undoubtedly be separated entirely from the Arabian peninsula sometime in the next 10 million years, 
The earths's crust is made up of a patchwork of plates which are constantly on the move. This world- 
wide phenomenon is known to scientists as plate tectonics. In 1980, Harry Hess of Princeton Univer- 
sity proposed the idea of expanding ocean floors criss-crossed by gigantic ridges created by magma 
escaping from the mantle and renewing the oceanic crust. Modern geophysics has confirmed this theory 
and the rate of expansion of the ocean floors has been estimated at between 2 and 18 cm per year. In 
this way plates appear and disappear, converge or separate, rub against or ride up on one another. 
This movement of rigid plates is not restricted to the ocean floors and the edges of the continents, 
but is carried over into heart of the landmasses, unleashing devastating seismic activity. The most 
intense earthquake activity {s concentrated on the Pacific and the Mediterranean rings. The first 
ring runs along the western coast of the American continent, touching on New Zealand, Japan and part 
of the eastern shore of the Asian landmass. This is the most seismically active part of the planet 
with earthquakes of the order of 7 to 8 on the Richter scale in Japan rising to 8.7 in the Andes. The 
other ring runs eastward from Burma to the Azores extending into the Mediterranean and Asia Minor. 
Here seismic activity is not so intense. World statistics show that there are 100 earthquakes of the 
order of 6 and above on the Richter scale every year and 20 earthquakes every year of 7 and above. 
Earthquake activity was particularly deadly {n 1976, with hundreds of thousands. of victims (Guatemala, 
Friuli, T’ang-shan, and Maradiye). This, however, also represents an enormous economic loss with the 
destruction of structures and other material assets. Ouring an earthquake, the wavelike motion of the 
ground both jn the vertical and the horizontal plane, transmits the energy of the earthquake to al] 
Structures built on it. When these are not capable of dissipating the earthquake energy, they suffer 
serjous damage. Nevertheless it is enough to raise the cost of good Quality structures by between 
Zand 7 % to be able to pay for improved earthquake resistance, Unfortunately this increase is 
greater for low quality rural structures. 








THE MECHANISMS OF DESTRUCTION 


Earthquakes are characterized by tremors imparted 
to the ground. These are more or tess random 
vibrations, particularly at the epicentre af 
earthquakes. Their maximum acceleration, speed 
and intensity depend on the depth of the earth- 
quake's foeus and the geology of the site. These 
vibrations weaken quickly, lasting less than a 
minute, but may be reneated during a pericd of 
several hours. The main mechanisms of earthquake 
destruction are the tremors themselves and the 
related mechanisms: subsidence, impact of moving 
masse¢, flood, and fire. 


1 = TREMORS 


This is by far the most dangerous of the destruc- 
tive mechanisms. Tremors affect the site and the 
foundations of structures. Buildings are shaken 
and objects fall; structures collapse either 
wholly or fn part. 


2 = SUBSIDENCE 


In earthquakes the ground may rise and fall 
violently, the ground may settle unequally, there 
may be landslips, and soil may liquefy and flow 
along the faults. Such conditions impose severe 
stresses on the foundations and fabric of build- 


ings which are supported on the subsiding ground. - 


By building away from any faults ftocalized by 
geologists such risks can be reduced. 


3 - IMPACT OF MOVING MASSES 


Structures may be damaged, or knocked down by the 
impact of masses such as mud flows or avalanches 
of soil, uprooted trees, rocks or other heavy 
moving objects, and neighbouring structures which 
have collapsed. These masses may bury structures. 


4 ~ FLOOD 


On sea coasts, tsunamis may cause more damage than 
the tremors themselves. Sreaches in dams may also 
lead to devastating floods. 


5 - FIRE 


Short circuits, breaks in pipelines carrying 
flammable substances, burst boilers, and collapsed 
hearths can cause fires. The destruction of water 
reserves and mains, ef hydrants, hinders fire- 
fighting making fires more serious. 
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MECHANISMS 


ORIGINS 


Qur planet is made up of four concentric shells. 
They become deformed as a resuit of the incessant 
geological turbulence activity, which feeds 
seismic activity. The natural origin of earth- 
quakes is paralleled by an artificial origin due 
to the constant reworking of the planet's surface 
by human activity. Four chief origins of seismic 
activity can be identified. 


1 = EXPLOSION EARTHQUAKES 


The detonation of a chemical or nuclear under- 
ground explosion unleashes large amounts of 
energy: creating a crater and triggering seismic 
waves which propagate in all directions. 


2 = SUBSIDENCE EARTHQUAKES 


When underground caverns or mine workings collapse 
a seismic wave is produced. Subsidence earth- 
quakes may also be caused by ground siips, or 
excessive settling of the sub-soil as a result of 
the enormous pressure caused by water reservoirs 
and dams. 


3 - VOLCANIC EARTHQUAKES 


These often accompany volcanic activity. The 
mechanism of the production of seismic waves is 
similar to that of tectonic earthquakes. 


4 - TECTONIC EARTHQUAKES 


These are the most common sort of earthquake and 
also the most destructive. The plates making up 
the earth's crust are stressed. Fractures release 
the energy stored up during the stressing process. 
Three main mechanisms of plate movement can be 
identi fied: 


- DIVERGENCE: at the rift zones on the ocean 
fioor the plates of the lithospere are separating. 
Magma rises from the mantle, and cools to form a 
ridge. Earthquakes arise in the axis of this 
ridge. 


= SLIDING: two piates slide past one another 
without breaking. These are transform faults such 
as the San Andreas fault in California where the 
Pacific and the North American plates are sliding 
past one another, 


~ CONVERGENCE: where two plates converge there 
is great seismic activity, the one being subducted 
and returning to the magma through the existing 
fault. Violent earthquakes accompany this phenom- 
enon. An example is the Andean region where the 
Southern Pacific and American plates are converg- 
ing. 





MECHANISMS : WAVES 


In elastic materials, a strong shock will cause a 
tremor reiated to the propagation of waves. Two 
classes cf seismic waves are recognized: "P" waves 
and "S" waves, which are bulk waves, and Love and 
Rayleigh waves which are surface waves. 


1 - BULK WAVES 


- "P" or primary waves are propagated in the same 
way as sound waves. They compress and decompress 
the rock through which they pass. They are the 
fastest of the bulk waves, with speeds ranging 
from 5 km per second at the surface to. 135 km.p.s. 
at a depth of 2900 km. "“P" waves can propagate 
through both liquid (can be detected at sea) and 
solid media and may be multidirectional. Their 
vertical acceleration can be greater than that of 
gravity and may cause material to be thrown 
vertically upwards. 


- "S" or secondary waves come immediately after 
the "P¥ waves. They can only be propagated ifn 
solid media and shear rock in a direction normal 
to their direction of travel. The "S" wave is not 
as fast as the "P" wave but their up and down and 
side to side motion makes them more destructive. 
"pt! and "S" waves are reflected and refracted at 
the cleavage plane of two different layers of 
rock. When they reach the surface, much of the 
energy of these waves is reflected towards the 
interior of the earth's crust. The concurrence of 
the descending and ascending wave amplifies the 
tremors and makes the damage werse. 


& = SURFACE WAVES 


These waves are slower than the bulk waves and are 
propagated close to the surface of the ground. 
Like "S" waves, "Love" waves are propagated with- 
gut vertical motion. They displace the ground 
horizontally and affect the foundations of build- 
ings. "Rayleigh" waves displace the ground both 
vertically and horizontally, in a vertical plane 
parallel to the direction of propagation. When 
subjected to this wave rock fellows the course of 
an ellipse, 


Earth tremors are thus due to the mixed action of 
seismic waves, and the scattered radiation of the 
energy from the focus of the earthquake affects 
the ground fn a highly complex manner, 
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1103 EARTHQUAKES : DESTRUCTION MECHANISMS 





Tremors cause the ground to move in three main directions and buildings are subject to tridirectional building must be overcome causing a slight delay, and it is this which is the cause of typical eartn~ 
acceleration. Every building is designed to withstand the vertical force of gravity and may in the quake damage. The stresses involved are proportional to mass and have a greater effect on heavy 
event be able to withstand vertical acceleration. However, horizontal accelerations are the most structures and those which are unable to absorb lateral forces. Thus it is preferable to use light 
destructive. When foundations move horizontally with the ground the inertia of the upper part of the structures, in particular light roofs, in earthquake zones. . 
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1 = LACK OF TENSILE STRENGTH 


Earth structures only have a low tensile strength. 
Moreover poor adhesion between the mortar and the 
adobes or rammed earth blocks weaken the struc: 
tures. 

- A crack close to the corner of a building, due 
to a tensile stress exerted on one of the walls, 
weakens the corner. By a battering ram effect 
effect at the junction of the two wall, a piece of 


the corner is loosened and robs the roof of vale 


uable support. 

= The lack of tensile strength also becomes 
apparent by the bulging of walls. Where blocks 
have been laid in a poor bond, tensile stresses 
may split the wall into two vertical layers, which 
come apart and lead to the collapse of the wall. 


2 ~ LACK OF SHEAR STRENGTH 


Tangential stresses exerted on horizontal joints 
cause typical cracks running at an angle of 45°. 
The absence of mortar encourages this type of 
cracking. The 45° cracks tend to pass through the 
weak points, i.e. the joints between the mortar 
and the bricks. Because the propagation of 
seismic waves is complex and proceeds fn all 


3 - LACK OF BENDING STRENGTH 


The cumulative effect of tensile and bending 
stresses causes a typical type of cracking. A 
wail which is essentiaily a slab supported at its 
base (foundations) and by a vertical element (post 
or cross wall) may suffer 2 characteristic crack 
which may run vertically, horizontally, or ob- 
liquely. 


In tong wails, vibrations exert stresses perpen- 
dicular to the surface of the wall and the stress- 
es are at a maximum at the ends of the wall. 
Cracks may run vertically down from the top of the 
wall or radiate obliquely from the centre of the 
panel. The upper part of the wall is cantilevered 
with respect te base. Torsional stressing of the 
base becomes more critical when the cracks grow 
causing the wall to buckie and to be thrust 
outwards (usualiy). Roofs collapse. 


In short walls, the rigidity of the connection 
between walls and roof reduces the bending stress~ 
es but the low tensile strength affects the sides 
of the walls where they join up with the other 
walls. Collapsing walls are in general thrust 
into the building. 


Catlapsing rocfs are the greatest cause of death 
especially when they are heavy. if the roof 
exerts thrust against the walls its collapse is 


—AAALSY directions these cracks may cross one another in certain. Adode houses are sometimes roofed with 

COAL both directions. The phenomenon is moreover domes or vaulting. The lateral thrust of the 

considerably aggravated when there are openings in vault fs taken up by the bearing walls. When 

EZ the wall, resulting in the collapse of elements tremors occur the lateral thrust is amplified by 

KSEE oe LG such as window piers, breasts, or transoms. It dynomic yences with the result that the walls 
ne LA, LCE appears that walls of bonded blocks are better shift, falling outwards and the vault collapse. 
=~ ——< SLLLEL when blocks and mortar of the same characteristics Bond beams installed at the base of the dome or 
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and strength are used. Where this jis done less 
cracking is observed. 


vault considerably reduce damage. Where roofs are 
carried by simply supported beams, collapse is due 
to the weakness of the support. 
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1104 EARTHQUAKES : PATHOLOGY 


The pathology of earth buildings affected by 
earthquake shows that the characteristic damage 
and the tragic consequences are often the result 
of using poor materials, careless construction, 
and defective maintenance. It is not the weakness 
of earth as a construction material which comes in 
for criticism but jignorance and the lack of 
contro! over the material in the production stage, 
in the design, and construction of the building. 
Unreinforced bearing earth structures, do not 
stand up well to lateral and shear stresses. The 
collapse of the roof is particularly deadly. 
There is often a lack of adequate connection 
between the various elements of the structure, 
@.g. between the walls and the roof, as well as 
the weakness of the bearing walis. Even a weak 
earthquake according to the Richter scale is 
enough to start cracks and weaken parts of the 
Structure, considerably reducing its rigidity and 
ability to withstand the stresses referred to 
above, and leading to its collapse in the long 


Fun. 
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ANALYSIS OF DEFECTS 


1 = ENVIRONMENT 


The damaged structures are often built in high 
earthquake risk areas and there is often a lack of 
harmony between the rigidity of adobe construc- 
tions, in blocks or pisé - even when well designed 
- and the nature of the soil. [t is advisable to 
avoid sloping and unstable sites, sites near 


cliffs, man-made deposits or borrows as the. 


subject to land slips, landslides, subsidence, and 
liquefaction. On sites eroded or undercut by 
watercourses or engineering works (roads, con-~ 
struction works) the risk is even greater. 
Alluvial soils saturated with water (heavy rain, 
groundwater) are subject te land slips on slopes 
and liquefaction in flat areas. These soils and 
organic soils have little depth and are subject 
to high frequency vibrations much greater than 
those experienced in rock site. It is acknowiedg- 
ed that sites with a slope greater than 35° are to 
be avoided, as well as sites on ridges as tremors 
are amplified here and there is a danger of the 
ground slipping. 

The nature of the sub-soil must also be considered 
as deep layers of unstable clays or saturated 
sands undermine the stability of the layers above 
them. As general rule it is better to build on 
rock for greater stability of the foundations. 


2 = MATERIALS 


The choice of a poor quality earth will worsen the 
seismic behaviour of a structure. Major errors 
can be committed in the preparation of the mater- 
fal, and include using {neorrect proportions of 
earth and straw, and poor mixing when making adobe 
or cob; others are using too much water jin con- 
struction, etc. adding too much or too little 
stabilizer, whether cement, lime, ofr asphalt, 
failure to check water content for optimal com- 
paction (compressed blocks). The shape of the 
material may be incorrect with adobe brick which 
are crudely made, being too heavy and thick, or 
they may be too smail, too thick and thin. Thick 
bricks concentrate stresses at the joints. 


3 - FOUNDATIONS 


The structure may be built on instable soil and 
the building not adapted to it, with an unrein- 
forced foundation slab resulting in subsidence and 
cracking. Foundations may be missing or too shal- 
low (failure to go below the frost level), poor 
materials may have been used, or the construction 
work may be poor. Not enough attention is given 





to the important role of foundations in offering 
protection against damp (capillary action): other 
defects may be the lack of drainage and water- 
proofing. 


4 = WALLS 


Causes of the coilapse of walls include: 

- Uncsvered construction in the rainy season. Use 
of crude bricks, inadequately dried. 

- Unskilled labour, careless work such as poor 
mortar, incorrect preportions, or too liquid 
(resuiting in severe hydraulic contraction and a 
lack cf adhesion), unfilled vertical joints, 
layers which are too thin or too thick, a poor 
bond (faflure to stagger the joints}, cut of 
plumb. Excessively rapid construction (more than 
1 metre per day) results in the subsidence of the 
lower courses. 

= No linking between foundatiens and walis, no 
sub-floor protecting against dampness results in 
the erosion of the base of walls, 

- Failure to respect the ratios of thickness to 
height (1:12) and height to length (1:2). Con- 
struction of more than one storey. 

- Too great a distance between bearing piliars, 
cross walis, and buttresses, poorly installed 
wind-bracing. Non-ltoad-bearing walls made up of 
individual ‘unconsol idated gsanels. 

- Poor connection of walls to corners (not reine 
forced) or to dividing walls. 

~ No horizontal strengthening. 

- Structure does stand up well to lateral and 
tensile stresses, or to bending and shear stres- 
ses; low ductility walis. 

- No anchoring between walls and door and window 
frames, or between walls and roofs. 


5 = OPENINGS 


~ The total area of the openings in a wall may be 
too large. The ratio of solid wall to openings 
should be less than 3. 

- The openings are too large, lintels are too 
Tong. 

- The position of the openings weakens the wails. 
They should be at. least 1.20 m away from corner 
and roofs, other the piers are too narrow. 

- The reveal of the cpening is poorly designed: 
lintels and posts which. are not adequately built~- 
in lead to shear cracking. Frames are a poor fit: 
wooden dowels in the wall are missing. 


6 - RING BEAMS 


Lack of ring beams or a break in the ring beams as 
a result of the peor construction of corners and 
of the joints between outside walls and dividing 
walls. No ring beams in gables. No horizontai 
strengthening included in adobe walls {wood, 
bamboo, iron bars, etc). 


7 - RENDERINGS 


Poor protection of earth walls which easily absorb 
water, peorly applied renderings tacking in ad- 
hesion (ground unprepared) result in access for 
deterioration. 


8 = ROOFS 


Roofs may be too heavy and fragile. Roof struc- 
tuees which are poorly wind-braced (lack of hori- 
zontal rigidity and are not anchored to the walls. 
Weak setting in of the beams into the walis and 
thrust on the walls, resuits in the roof collaps- 
ing into the house. Poorly distributed roof load, 
with excessive concentrations of load, leads to 
cracks at right angles to the direction of the 
lead. Observations show that roofs made af beams 
of a small secticn stand up better than those with 
a large section. Roofs supported by a system of 
brick arches (e.g. in Iran) are fragile with the 
thrust of the arch not being taken up well, and 
the possible loss of the key. Domes stand up 
better than vaulting and flat roofs. These 
structures suffer from a lack of tying and anchor- 
ing. Leaking roof coverings or inadequate over- 
hang at the edges lead to the deterioration of 
walls. 


9 - MAINTENANCE 


The houses suffering the most damage are often 
those which have already been damaged by an 
earthquake and which have been poorly repaired or 
not at all. Poor protection against damp and 
termite and rodent attack results in the bottoms 
of walls and corners being undermined, weakening 
the structure. 


10 = MISCELLANEOUS 


Many structures are weakened by the users, by im= 
posing excessive extra loads on walls, a lack of 
maintenance of the external protection, extensions 
more rigid than the criginal structure. 
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14105 EARTHQUAKES : COUNTERMEASURES 


THE PRINCIPLES OF TECHNICAL MEASURES 


The safety of the occupants of structures built in high-risk earthquake zones remains the poimany 
objective. However, where very low cost housing must be provided, total protection is not feasible. 
The thing is to recognize these economic limitations and to aim at minimizing damage and above al! 
prevent the collapse of buildings. Bearing these considerations in mind, three important types of 


technical measures can be identified: 
1 = PROVISION OF A GOOD BASE 


The strength of the ground is fundamental. Loose soils (alluvial soils or landfills) come under 
seismic vibrations far exceeding those experienced by compact soils or rock. The same applies to 
sandy soils, silts, and clays when these are waterlogged (heavy rain, high groundwater level) and they 
may slip or liquefy. Granular soils may be compacted by seismic vibrations and are prone to subside 
at different rates. Sloping ground should be able to withstand shear stresses. Structures should not 
be built on two different layers of soil because of the danger of cleavage. Sites on ridges and 
crests should be avoided because tremors are amplified at these sites. 


2 - STRUCTURE ADAPTED TO THE SOIL 


The structure of a house should never start to resonate with the soil on which it stands during an 
earth tremor. Loose soils oscillate with a long period, compact soils with a short period, while 
rocky soils osciliate with an extremely short period. The period of oscillation of rigid houses is 
short while that of less rigid houses is long. It thus clear that rigid house is least affected on a 
loose soil, while a less rigid house is least affected on a compact soil or on rocks. 


3 - BUILDING STRONG STRUCTURES 


The strength of a house in an earthquake depends on its ability to transfer the forces applied to Te. 

ls is preferable to ensure that the structure as a whole is strong rather isolated elements. in @rdee 

to avoid collapse, the house must be both ductile and hyperstatic. Ductility allows deformation to 
occur without failure. it is related to the sorts of materials used and the general characteristics 

of the structure. Ductility is not essential for all parts of the structure though it jis for the 

critical parts (foundations, corners, ring beams). This makes {ft possible to reduce the risk of 

cracking. Hyperstatic behaviour allows the formation of plastic links and absorbing energy when 

materials are stressed beyond their yield point, and ensuring the stability of the structure. It is 

above all important that the structure is of a symmetrical design in order to resist static and, even 

more important, dynamic torsional stresses. It is essential to design strong structures in which all 

the structural elements - foundations, walls, roofs = are well linked, Heavy earth walls must be rein- 
forced in the vertical and horizontal planes and in the vicinity of the fragile areas: corners, open- 

ings. This rigidity provides the strength to withstand horizontal forces. During and after earth- 

quakes floors and reofs must remain monolithic and fairly rigid, load-bearing walls must ensure the 

vertical transmission of charges and the structure should stand up to lateral forces due to earthquake 

and wind pressure. 
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THE DIFFICULTY IN.IMPLEMENTING THESE BASIC MEASURES 


Earth structures are among the greatest killers (80 % of damage) but the Study of their strength in 
earthquakes has attracted very little attention ay researchers (5 % of publications). The earth home 
is primarily of importance in regions with scarcity economies and in rural areas, and the question is 
in itself very complex, invelving technological, economic, socio-psychological, and cultural factors. 
Knowledge cf the properties of the material continues to be poor and earthquake behaviour is extremely 
variable, Greater awareness of the problem {s, however, apparent from the growth in the numbers of 
international celloquia (Alouquerque 1982, Lima 1983) devoted to the scientific study of the subject. 
Numerous technical solutions are known and various practical recommendations have been made drawn up 
by experts. Some proposals have even gone so far as to suggest the replacement of earth structures by 
ones made of wood, steel, or reinforced concrete, alas often all too dear. Proposals for using 
inherently strong forms such as cylinders, cones, and domes run up against cultural prejudices. It is 
therefore still advisable to turn our attention to proposals aimed at improving earth structures with 
Suitable reinforcement and bracing. The known solutions are effective but they are very far from 
appiication in the field. It would be advisabie to get out of the labs and make use of practical 
realism adapted to scarcity and rural economies, tc develop an awareness of the realities of the site 
among scientists, rather than doling cut more science to people in the field. Research and simula- 
tion, although highly advanced, remains far removed from the realities of the tranian plateau and the 
Chilean seaboard. It would also be advisable to gain a greater grasp of the ocdjectives being pursued 
and to limit pretentions. First of all, the reduction of losses in human life and physical assets and 
the limitation of the extra costs in a design suited to regions with scarcity economies. The greatest 
priority must be the elimination of the possibility of structures collapsing, followed by measures to 
ensure proper maintenance, in particular fer public buildings (schools) and energy installations 
which, if damaged, would deprive the population ef indispensable resources. A proper prevention and 
protection palicy ought to be worked out for countries prone to. earthquake disaster or those which 
could be. The adapted design techniques must be widely promulgated and be capable of being assimilat- 
ed by the greatest number of people pessibie, and should he free of theory. The elementary protection 
criterion applicable to a low-cost home, whether in the city or countryside, is that it should not 
suffer any major structural damage in earthquakes of less than 7 on the Richter scale, and should not 
suffer any collapse of the roof in all earthquakes, even weak ones. We imagine that is virtually 
impossible to improve all of the immense numbers of existing earth structures, but while measures must 
be taken with respect to future new structures, existing structures or those awaiting repair should 
net be neglected. This is a matter of overcoming numerous obstacles, such as a lack preventive 
pclicies, cultural resistance, extremely low budgets, a lack of awareness of the risks involved, Tack 
of education, professionalism, good materials, and the extra cost of imported gocds, Nevertheless, 
Peru, and Turkey have already warked out preventive policies on the national scale. The example of 
these countries should be followed en masse. Codes of gocd practice for adobe structures and mater- 
fals have been prepared and implemented in the following countries: Costa Rica, Mexico, Peru, Turkey, 
and the USA (California, Arizona, New Mexico). Research into the development or revision of building 
cedes for earthen structures is under way in the following countries: Argentina, China, Dominican 
Republic, Guatemala, India, Mexico, Nicaragua, Peru, and Turkey. 
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1106 EARTHQUAKES : DESIGN GUIDELINES 


Existing anti-earthquake recommendations refer 
orimarily to adobe brick which is the material 
used in the majority of regions with high earth- 
quake incidence. Pisé de terre is less widely 
used and the problems are more or less similar to 
those involved in the use of adobe. As a general 
rule, any for works in earth masonry, including 
monolothic rammed earth structures, cob, and 
direct shapeing should for the time being refer to 
those established for adobe. For timbering 
infilled with earth the recommendations to be 
followed are those for framework structures. For 
buried structures, which are very vulnerable to 
earthquake there is no information available at 
present. lt has been demonstrated that well 
reinforced earth structures can stand up to fairly 
severe earthquakes. The recommendations are not 
supposed to replace the calculations required for 
good design. However, the experienced NCO's 
intuitive wisdom that it is better to give one 
order to a 100 people than a 100 orders to one 
person is worth bearing in mind here. 
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RECOMMENDATIONS 
1 = SITE 


As a general rule, earth houses should not be 
built on soils with a strength of less than 1 
daN/em2. The materials are stable when used on 
soils with a strength of at least 2 daN/cm*. In 
the absence of other alternatives, buildings may 
be constructed on soils with strengths of less 
than 1 daN/em?, on condition that vertical and 
horizontal reinforcement is incorporated in the 
earth walls to limit deformation. — 


2 - TOWN PLANNING 


If possible, the distance between houses should 
be at least twice their height so that if one 
collapses it will not affect its neighbour. 


3 - GROUNDPLAN AND SHAPE 


Groundplans should by preference be compact and 
either square or circular in shape. They should 
be as symmetrical as possibile. Rooms should be 
compact and the distances between walls short. 
Dividing walls should be used rather than parti- 
tions. All the structural elements should be well 
connected to one another and form a rigid struc- 
ture. Roof toads should be distributed uniformly 
over the roofs. The construction of storeys is to 
be avoided. Complex groundplans with an "L" or a 
'y' should use the same symmetry in each section 
and be capable of standing as an independent unit. 


4 - MATERIALS 


Adobe bricks are to be made with an only slightly 
lfquid earth, The quality of the brick should be 
checked regularly. They should not be deformed 
when turned cut of the mould and should have sharp 
arrisses. Their opposing sides should be paraliel 
to one another (a parallelpiped) and they should 
net be too thick. Their length should not exceed 
twice their width plus the thickness of the 
vertical joint. Their height should not be 
greater than 10 cm. It is better to increase the 
number of courses in the height of a wall to 
obtain greater ductility. The maximum weight of 
the bricks should be 23 kg. The mortar used for 
laying the bricks should be the same composition 
as the adobe. It can be stabilized in the same 
way as the bricks, if these have been stabilized. 
The mortar should not be too liquid (contraction) 
and checks should be made to ensure it adheres 
properly. The bricks should be perfectly dry. 


5 - FOUNDATIONS 


All walls, even isolated ones, are to be built on 
firm and compacted soils. The foundations will 
preferably be shallow and continuous. They should 
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be built down to below the frost level. The size 
ef the foundations should assume a lower contact 
soi] pressure of about 1.5 times the thickness of 
the wall. Foundations act as a rigid ring and 
are to be linked vertically to the walls and %o 
ring beams. Waterproof protection should be 
provided as well as a dampcourse in the base of 
the wali. Foundations should be topped by a base 
course to protect the walls against damp. 

6 = CONSTRUCTION 

Adobe walls should not be raised by more than 1 
metre a day, in order to avoid the unequal settle- 
ment of the lower courses, The courses should be 
perfectly plumb and be of same level around the 
entire house. Vertical joints are to be properly 
staggered and the mortar is to be applied. before 
laying the next brick. The thickness of the 
joints ts not to exceed 2 cm and not tess than 
tom. Bricks will be moistened to ensure the 
proper adhesion of the mortar. 


7 = WALLS 


The thickness of masonry walls is to be at least 
30 cm. Their height is not exceed to 8 times 
their thickness. 2.40 m is the preferred height 
and there should be no more than 3 m. between two 
horizontal ring beams. No face of a wal? should 
be more than 4 m long except where use is made of 
verticai tyings or buttresses (projecting at jieast 
30 cms}. Joints between walls are to be perfest 
right angles. Corners and joints are to be rein- 
forced vertically or strengthened by buttresses 
buiit against the walls and provided with founda-~ 
tions. Horizontal reinforcement (bamboo, iren 
bar, ete..) is to be installed every 4 or 6 
courses of brick and bedded in the mortar. 
Vertical reinforcement can be installed every 2 to 
4 adobes. Walis are to be protected against 
erosion, 


8 = OPENINGS 


The total area of openings in the wall is not te 
exceed 40 % of the overall surface area of the 
wall. Their width is not exceed to 35 % of the 
length of the wall, a maximum Tength of 1.20 m is 
recommended. The width of a wall pier between twe 
openings should not be less than 90 cm. Openings 
will be at least 1.20 m from corners and 50 om 
from the joints between walis. They are to be 
provided with strengthened reveals and to be 
disposed symmetrically over the walls. 


9 - LINTELS 


Lintets should be the entire thickness of the wall 
and be at least as thick as one course of adobe. 
They should be embedded in the wall for at least 


50 em in both directions. They should be topped 
by no more than three courses of adobe and then 
relieved by a horizontal ring beam. If linteis 
are made up from several components they should be 
bundled to form a whole, 


10 - STRENGTHENING CORNERS 


At the corners and joints of external and internal 
walls, the tricks must be correctly toothed. Hor- 
izontal reinforcement (wood or steel) should be 
provided every 3 or 4% courses of adobe and pene- 
trate at least 1 m into the walls. Vertical rein- 
forcement is to be bonded into the foundations and 
to ties. In corners square braces or parallel 
sheets of wood may be used. 


11 - HORIZONTAL TIES 


Walls are to be togped with continuous bond beams 
with a very high tensile strength made of rein- 
forced concrete, finished wood, iron bar, bamboo, 
etc. The ring beams give cohesion, to the upper- 
most lightly loaded courses of adobe and distri- 
bute the roof loads. They will by preference 
corresporid to the lintels of the openings. At 
corners the ring beams should be strengthened. 
Braces attached to the ring beams can interconnect 
corners diagonally opposite one another thus 
improving the torsional strength of the house. 


12 - ROOFS 


Roofs are to be suited to local climatic condi- 
tions and as light as possible. Extremely heavy 
flat roofs in earth are to be avoided in areas 
with a high incidence of earthquakes. A hipped 
roof distributes loads best. The pitch is low in 
erder to limit the thrust of the roof. Roof 
structures should be well wind-traced and sup- 
sorted on ties anchored in the walis. Seams are 
to be properiy embedded and should not bear on 
lintels. Domes and vaults are to be tied at their 
bases. The length of vaulting should not be more 
than twice its width. Vaults should not bear on 
the walls but end in half domes. Suttresses 
should take up the thrust. 


13 - RENDERINGS 


Rendering applied to wire netting forms an ar 
moured cover protecting the wails from decay. 


14 = REPAIRS 


A building damaged by en earthquake must be re- 
paired as quickly as possible, if fatalities are 
to be prevented. It is advisable to check if the 
repair is economically justified. Whatever the 
case, repairs should not be makeshift and should 
bring the building into conformity with these 
recommendations. 
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G7 EARTHQUAKES : SPECIFIC TECHNIQUES 


a SES 
The improvement of the earthquake behaviour of earth structures implies the adoption of suitable 


construction techniques. These techniques are drawn partly from modern monolithic masonry and partly 
from specific earth construction practices. Various research bodies have worked out practical recom- 
mendations, which attempt on the one hand to improve bricklaying procedures in order to obtain per- 
fectly bonded walls: which are as monolithic as possible, and on the other hand, to obtain earth walis 
with greater ductility. The improvement of materials and construction techniques has taken priority 
over the protection of the material. Unfortunately, the recommendations have not been widely tested 
and it is thought that it will be some time before they will be used in high risk seismic zones. 
Nevertheless it will. be by the massive application of these anti-earthquake recommendations for earth 
materials and very often a few elementary rules can prevent a large part of the damage. 


1 - SQUARE ADOBE BRICKS 


The most convenient working dimensions, allowing 
Z cm for the thickness of the mortar are: !| = 
40 cm, w = 38 cm, h = 10 cm. The weight of adobe 
bricks varfes between 14 and 19 kg depending on 
the straw content (1200 - 1600 kg/m?). These 
dimensions allow numerous simple bonds to be used 
but demand perfectly draughted plans. The quality 
of adobe brick is better if it has been made by 
the sand-moulded method, as this requires less 
‘water. Increasing the volume of straw reduces the 
weight and improves ductility. 


2 - KEYED BRICKS 


Essentially these are stabilized compressed 
bricks, made by means of the simplest presses. 
The must be finished perfectly for a satisfactory 
fit and to prevent the penetration of any wind or 
rain water. Qn the South-West Pacific Coast of 
Mexico, a single storey rural house has been 
constructed on this principle. No mortar was used 
for its self-supporting walls. Close to Mexico 
City a four-story building with a reinforced 
concrete structure has also been built without 
mortar. These bufldings show that it is not 
necessary to use ductile material to obtain a 
ductile structure, These techniques are worth 
exploring despite the inherent problems of pro- 
duction, storage, and handling. 


3 = BRICKS FOR REINFORCED 
WALLING 


Ordinary bricks can be used but present construc- 
tion problems. it is preferable to use bricks 
with space to take vertical and horizontal rein- 
forcement. The most sophisticated are made with a 
press but they can also be made in the same way as 
adobe bricks. 
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4 - MORTAR 


Good quality mortar and laying can improve the 
earthquake strength of walis. The use of sta- 
bilized mortar, which is not widespread jn rural 
areas can double the shear strength. The absence 
of vertical joints reduces the compresssion 
strength of the wall by between 20 and 50 %. 
Furthermore it eliminates all bending and shear 
strength. The use of excessively wet mortar 
should be avoided as it causes contraction and a 
loss of adhesion. By stabilizing mortar it 
friction strength can be doubled and its adhesion 
to the brick can be quadrupled. 


5 - BOND 


Research in Peru shows that square bricks with the 
dimensions mentioned above (] = 40 cm, w = 38 cm, 
h = 10 cm) have an earthquake strength four times 
greater than that of rectangular bricks measuring 
40 x 19 x 12. The dimensional ratio of 4:1 
(1 xh) and perfect draughting of the plans 
counters the effect of transverse cracking at an 
angle of 45°. Indeed with square bricks with the 
aforementioned ratio of 1 to h, the line running 
through the joints is at 30°. 


4 


6 - REINFORCED WALLING 


It is possible to reinforce walls using ordinary 
bricks but it is better to use special bricks. 
Conventional vertical and horizontal reinforcement 
is made of bamboo, eucalyptus, in building steel 
or reinforcing bars, in barbed or even with simple 
cressed tree branches. With cement stabilized 
earth mortar and reinforcement the tensile 
strength of the rail can be increased by a factor 
of 10 compared to an ordinary wall. Its bending 
strength can be increased forty-fold. in contrast 
its shear strength is not improved at all. 


7 = RING BEAMS 


These are the most effective anti-earthquake 
devices of all. Indeed, if an earth house {s to 
stand up to an earthquake, al] the elements must 
transmit forces on to the others. Ring beams 
installed at low (reinfarced foundations} and high 
levels linked by vertical reinforcement at corners 
or at the perpendicular junction of walls provide 
a rigid bond between the four walls of the "box" 
of the house and the roof. The lack of ring beams 
in an adobe home nullifies all cther measures to 
counteract earthquake damage. — 
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Hundreds of millions of people lives in regions exposed to typhoons, cyclones, and other storms of 
this class. Nevertheless, three quarters of these people have not experienced a hurricane at first 
hand, as in each region exposed to them the likelihood of being at the centre of such a storm js low, 
It is nevertheless important to be aware of the disasters they cause, particularly with respect to the 
destruction of buildings. Every year hurricanes devastate the homes of entire populations. On 
average 23 000 people are killed and 2.6 million people are affected by hurricane disaster every year. 
These staggering figures primarily refer to the tropical regions of the giobe. Indeed cyclonic storms 
are of tropical origin and their name changes from region to region. In the Caribbean they are known 
as hurricanes, in China and Japan, as typhoons, elsewhere they are referred to as tornados or simply 
cyclones. Hurricanes are che result of a combination of atmospheric and oceanic factors. When a mass 
of stable air lies over warm sea the air rises, carrying a vast quantity of water vapour with it. 
This creates a low pressure zone surrounded by a high pressure zone. Typical are the converging 
winds, which tend to blow towards the centre, and the ascending winds, which blow upwards, giving rise 
to a rotating motion. Once the water vapour has risen to certain height it condenses into rain, This 
change in stata is accompanied by a release of heat energy, which encourages the air to rise further. 
This sequence {is repeated, causing the hurricane to grow considerably in size and raising {ts speed of 
rotation to at least 120 km.p.h. However, speeds have been recorded of the order of 320 km.p.h. 
(Hurricane Camilla, 1969). A cyclonic storm may build up for several days over warm sea. Once in 
contact with land, the hurricane is extremely destructive prior to rapidly blowing itself out. The 
' rapid extinction once over land is due to the fact that the system no longer has a source of warm 
moist air and fis broken up by terrestrial relief. Hurricanes are, however, not the only destructive 
winds. There are also violent continental winds such as the sandstorms of the desert which can easily 
exceed 100 km.p.h. 
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THE MECHANISMS OF DESTRUCTION 
1 - EROSION OF LAND 


Violent winds can hollow out the land surrounding 
buildings. Foundations are exposed and the 
subfoundations are attacked, leading to the 
collapse of the structure. This mechanism can be 
seen in action in Niamey, in Niger. 


2 - WIND PRESSURE 


Walls expesed to winds are subject to extremely 
sowerful lateral thrust which can overturn them. 
This pressure is at its highest in the centre of 
the wall and decreases at the corners and is jower 
on the unexposed walls. These pressure differ- 
ences create eddfes at ground level which may 
erode the building. 


3 + EROSION OF FOUNDATIONS 


Violent eddies which whirl at high speed round the 
edges of buildings are often loaded with abrasive 
material (sand) and have the tendency to attack 
basement and foundation structures, which can lead 
to the destruction of the building. 


4 = SUCTION ON WALLS 


Where walls which are not dfrectly exposed to wind 
(the sides and lee of a building), turbulence and 
pressure drops can cause suction to be exerted on 
the walls. Materials and even parts of the 
building may then be torn be away. 


5 - SUCTION ON ROOFS 


Depending on the closeness of the flow of wind to 
the surface of the roaf, suction may be exerted on 
a directly exposed beam. This phenomenon is 
related to the pitch of the roof, and is more. 
marked on horizontal surfaces (flat roofs} end on 
pitches less the 30°. The sides of hipped roofs 
are notorious for eddies (vortex), causing local 
suction which can tear off part or all of the 
roof. The effect can be amplified by overpressure 
on the lower surface of the roof. 


NB - COMPLICATIONS 


The mechanisms described above are applicable to 
isolated buiidings of a simple design: rectangular 
groundplan and a gable roofs. When the architece 
ture is elaborate, in an "U" or "LY , with bays, 
overhangs, and chimneys, or when buildings are 
grouped, the mechanisms ere even more complicated. 














1109 HURRICANES : DESIGN GUIDELINES 


The damage to buildings caused by hurricanes is 
vast. As a general rule buildings suffer from 
careless design which jis totally unsuited to 
Standing up to an event of such destructive power. 
Designers usually pay little attention to the 
loads exerted on buildings by winds. These loads 
are usually regarded as secondary to those nor- 
mally taken into consideration: such as the 
deadweight of the building, live loads, and the 
load due to floors, impact forces, loads due to 
soil pressure, etc. Even so wind stress can be 
far in excess of these conventional loads. 

These loads cannot be assimilated to the standing 
loads, which is nevertheless frequently done. It 
is true that the stresses exerted by a‘ hurricane 
are difficult to appreciate, because of the wide 
range of possible violence and the many forms of 
turbulences. Furthermore the majority of struc- 
tures are not built by professionals. Many are 
designed and built by their inhabitants or by 
smal] firms drawing on local knowledge or tra- 
ditional building skills which ignore the wind 
resistance problem or resort to makeshift solu- 
tions. For example bonds between roofs and walls 
are often very limit and cannot withstand force 
tending to tear them off. Scientific calculation 
and design methods do exist and are applied for 
large projects, but are neglected for small 
‘buildings. The parameters used are very numerous 
and vary widely depending on the site, and lay-out 
of the buildings. it would be impossible to 
examine each case and these methods can only be 
applied for large-scale housing projects, usually 
entailing an increase in the study and design 
costs, Such luxury is useless ff it is agreed 
that statistically speaking the probability of 
powerful hurricanes is one every fifty years. 
Even so the probability should be considered, 
Certain recommendations are given below. These 
will not prevent all disasters but will certainly 
limit their extent. 


RECOMMENDATIONS 


Analysis of typical hurricane damage to buildings 

show that there is no standard “hurricane-resis- 

tant™ building. Simply adopting certain construc~ 

tion methods and rules is not enough. In reality 

there are other important parameters, which must 

be added to the stresses imposed by the wind, such 

as: 

- the nature of the sub-soil 

- the environment and the site (relief, vegeta- 
tion, town planning); 

- architectural model (form, volume, detail); 

= ete. 


In general, the main weak points are the follow- 

ing: | 

- collapse of walls; 

- failure of weak structural bonds; 

- inexistent foundations or ones which have been 
reduced to a bare minimum; 

= structural supports which are poorly anchored 
in the ground; 

- roofs ripped off. 


1 = GENERAL RECOMMENDATIONS 


It is advisable to implement codes of good prac- 
tice and to ensure that the structure jis main- 
tained. The stability of the building as a whole 
will be considered as well as the wind strength of 
each element of the building (foundations, walls, 
roofs, etc.). No lateral force should be able to 
move or turn the building over. Maintenance 
should attend to any deterioration of the bonds 
between the various parts of the building: found- 
ations/walls, walls/roofs and stop any undermining 
of the foundations by water, wind erosion, and 
termites. Where hurricanes are involved the 
action of the wind fs often associated with 
flooding. Attention should thus also be given to 
the recommendations concerning flooding. 


2 - THE SITE 


- Profit from natural protection. Buiid the 
structure so that it is sheltered by the local 
relief (hills), or vegetation (thickets, hedges) 
which faces the prevailing winds. 

- Avoid extremely hilly ground and Steep grades as 
these can push wind speeds up by about 50 %, 


- Avoid gaps or locations which can channel the 
wind. 


3 - TOWN PLANNING 


The proximity of buildings affects the speed of 
the wind. Suction effects are marked at the level 
of gable walls. Turbulence between two buildings 
Standing close to one another and in line can 
stress components such as boarding. Make sure 
that it is fastened well in position. As a 
general rule avoid building structures all in a 
line in order to avoid channelling winds, thus 
speeding them up and increasing their destructive 
power. 


4 - BUILDING LOT : 


Provide windbreaks in brick or vegetation on the 
lot. Choose plants with deep roots. Build 
connecting walls with tracery, which reduces the 
force of the wind. Provide good foundations in 
order to stabilize these solidly constructed 
enclosures. All adjoining constructions such as 
bavns, garages, garden sheds, outhouses should be 
solid, so that they are not blown over and hit the 
house. When building such annexes avoid wails 
which are too thin, Remove all objects and debris 
which could be transported by the wind from around 
the house. 


9 = FORM 


Rounded forms (domes, vaulting) and cubes are to 
be preferred to rectangular solids. Use the 
following ratio: length/width = 1.5 and height/ 
width = 1. Reduce volumes and limit the exposure 
of walls to the prevailing winds. The best course 
is to have a corner facing the prevailing winds. 


6 - FOUNDATIONS 


Foundations :should al tow the good anchoring of the 
Structure of the house. They should be deep so 
that they are mot exposed to winds and built in 
solid and durable materials (stone, stabilized 
soil). 


7 - WALLS 


Raise walis perpendicularly on foundations. Make 


sure that there {is gcod bonding between the 


foundations and the walls. Whatever the material 
used, provide vertical reinforcement (iron bar, 
bamboo, or other) anchered in the foundations. 
Provide horizontal reinforcement as well, partic 
ularly at the corners, which must be reinforced at 
all levels of the structure. The walls should, if 
possible be heavy ard solid, in pisé de terre, 
adobe, or rammed earth blocks. Budget permitting 
stabilize the earth. The bond should be carefully 
implemented (worked out on paper) in order to 
avoid cracking. Light wails in daub or straw 
earth should be well windbraced and the framework 
anchored in the foundations. Make sure the 
structure is rigid by using dividing walls and 
ring beams. Earth mortar can be used jin con- 
struction, 
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8 = POSTS = PILLARS 


Frames should be treated against rot, parasitic 
mosses, insects, and termites. If the structure 
is on piling, ensure that corner supports are well 
anchored. Pillars included in walls are to be 
bonded te the foundations amd tied. Corner posts 
should be reinforead vertically and horizontally. 


9 = OPENINGS 


Use heavy doors and windows, well seaied into the 
thickness of the wails and provided with shutters 
ta protect the glazing (shattering glass, blows 
from objects). The shutters should be easy to 
handle and be airtight and waterpreof. Avoid 
locating openings close to corners and the roof in 
order to avoid the weakening the structure. Avoid 
piercing the exposed fagade as this could raise 
pressures {n the house. Openings i{n opposing 
facades should be in line to avoid pressure 


‘differences. 


10 = ROOFS 


Roofs should be heavy and as streamlined as 
possible: domes, vaulting, cones, and hipped. 
Choose a reughly 30° pitch to reduce the high 
stresses to which flat roofs and roofs with a 
pitch of between 5 and 10° are prone. Parapets 
reduce the suction effect on flat roofs. Avoid 
overhangs of more than 50 cm long (danger of being 
torn away). Ridge ventilators reduce internal 
pressure. Make sure that light roofs (thatch, 
tiles) are well anchored (netting or mortar}. 
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1110 FLOODING 





Fioods have many causes, including torrential rains, rising water courses, breaches of dams and dykes, 
earthquakes, volcanic eruption, and hurricanes. The most deadly flooding is, however, caused by tidal 
waves, These are usually caused by geological or atmospheric disturbances. The breaking of submarine 
faults or submarine earth slips, themselves often triggered by an earthquake, sets the water in 
motion. Enormous surface waves spread out from the epicentre of the earthquake crossing the sea until 
they reach a shore. The effects are devastating. This phenomenon is known by a variety of names, 
such as tidal wave and tsunami (Japanese). The Japanese term is the most widely used as Japan is 
particularly subject to such disasters. When the Honshu tsunami of June 15, 1896 hit, 26 000 people 
were killed by a breaking wave rising between 25 and 35 metres above the high tide mark. On average 
the world has about one tsunami every year, and is often more destructive than a violent earthquake. 
Every ocean and most seas are affected and are still liable to them. Ouring the last two centuries, 
300 tsunami have devastated coastal areas. There are, however, "seiches" or local waves in bays, in 
natural and artifical lakes caused by landslips. The height of tsunami and seiches depend on the 
topography of the seabed and the exposed coastline. Sheltered coasts may be spared. These waves are 
not particularly high in deep water but are immensely amplified when they get to the shore, It then 
turns into a wall of water which pours ftself on to the shore, sweeping a1] structures before and 
sparing only a few human lives. There are also tsunami of atmospheric origin. Pressure at the eye of 
cyclonic storms is very low, creating a vertical suction effect which raises the level of the water. 
Wind raises the volume of the water and the contact of the hurricane with the shore amplifies the 
height of the destructive breaking wave. This sort of tsunami can attack several kilometers of coast. 
Their force depends on a combination of factors: afr pressure at the centre of the hurricane, wind 
speeds and the rate of advance of the hurricane, and the level of the tide at the moment of impact. 
The height of the tidal wave which hit Andhra Pradesh in India in 1970 was 20 metres. 
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THE MECHANISMS OF DESTRUCTION 


1 = THE FORCE OF THE WAVE 


A wave front cf several metres in height breaks 
with great force against the walls of buildings. 
The extremely violent shock may knock the struc- 
ture over. This depends on the mass of the water 
and the speed with which the wave is advancing. 


2 - IMPACT OF OBJECTS 





Waves may carry cbjects or debris torn loose 
during their passage - tree trunks rocks, bits of 
buiidings. The impact of these objects against 
the wali has the effect of a battering ram. 


3 = HYDRAULIC EROSION — 


When water flows against weak foundations and sub- 
foundations, its speed and turbulence erodes the 
base of the work. This erosion may also effect 
the soil on which the building stands, causing the 
building to be pulied along with the water. j 


4 - EROSION BY ABRASION 


The water may carry a heavy load of stones, 
gravel, sand and silt in temporary suspension. 
These materials may have an effect similar to 
sandblasting on the foundations, and even wear 
them totally away. This may also affect the 
ground under the building. Structures which are 
no jionger supported collapse. 


5 - PRESSURE CIFFERENCES 













The entry of water into the house and its rise 
into the living quarters may cause pressure 
differences on the walls. The creation of a 
pressurized air pocket under the ceiling may cause 
the roof to biow out. The collapse of parts of 
the building, walls, foundations, subfoundations, 
or roof hastens its eventual ruin. 
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GENERAL RECOMMENDATIONS 


- Do not parcel out land on the banks of water- 
courses, lakes, or bays as their is a danger of 
landslips and local waves. Build at higher 
levels, on well-drained sites protected by vege- 
tation. 
- Surround the house with plantations and strong 
enclosures, to break the force of the wave. 
- By not building houses all in one line the 
channelling and the speeding up of the wave can be 
avoided. Reduce the exposure of walls in the 
direction the wave would come from. 
- Remove all heavy objects or rubbish in the 
neighbourhood of the house which could act like a 
battering ram. 
- Give preference to rounded shapes. For quadran- 
gular shapes, use a length to width ratio of 

1.5 and a height to width ratio of 1. 
- Respect the code of good practice: good anchor- 
ing, protection against termites, and good main- 
tenance. 
- Match the weight of the house to the nature of 
the bearing soil. Poor sofl: light structures. 
Where the soil is good use heavy solid walls. 
- Deep and solid foundations, well anchored. 
Raised subfoundations. Good brickwork and mater- 
ials for the two building systems. 
- Reinforced and buttressed wails. Link the 
foundations to the walls and the walis to the 
roofs. 
- Rigid structure: dividing walls. 
- Avoid single load-bearing brickwork pillars. 
- Only use light materfals for infilling: easy 
repairs. 
- Limit water penetration: heavy doors = and 
windows, well anchored to prevent them being torn 
away. 
- Align the openings on opposing walls to avoid 
pressure differences. 
- Reduce the weight of floors and roofs, to avoid 
the danger of falling debris fn the event of 
collapse. 
- Provide holes in floors and roofs (hopper 
lights and skylights) to help occupants escape, as 
well as air and water (reduction of pressure 
differences). 
- Provide access to raised terraces (stairs) to 
assist the flight of the occupants. 


RECOMMENDATIONS REGARDING 
THE USE OF EARTH 


- Vertical reinforcement of enclosures in pisé de 
terre, cob, cr daub with well-anchored stakes. 
Horizontal reinforcement using branches, barbed 
wire, etc. 

¢ Footways in stabilized or reinforced earth. 
Highly compacted earth. 

- In areas exposed to exceptional tides, raise 
structures to above the height of the waters: 
dykes, embankments, filis, wooden piling, or 
columns in reinforced concrete, etc. 

- Prevent the undermining of part of the struc 
ture by the infiitration of waters reduction of 
stability. 

- Im heavy structures, use by preference mono- 
lithic rammed earth, cob, or adobe. For light 
structures use framework infilled with straw-clay 
or daub. 

- Avoid earth foundations and subfoundations. If 
there is no other choice stabilize the soil as 
much as possible. Avoid the use of unstabi lized 
earth in mortar for masonry. 

- Reinforce masonry using compressed blocks, 
adobe, rammed earth and others. Use extra care 
when constructing the frameworks of houses in 
straw-clay or daub, or infilled with raw earth 
bricks. The infills can be eroded without causing 
the ruin of the structure. 

- Use ring beams and reinforcement in masonry. 

- Avoid using load-bearing pillars of earth 
masonry. S8uild such pillars in stabilized earth, 
making sure they are sclid and have gocd founda- 
tions. 

* Anchor doors and windows with care. Locate them 
in the centre of wall panels. 

= Avoid supporting roofs directly on raw earth 
walls, which may be eroded and thus no longer be 
able to support them. 
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1200 SURFACE PROTECTION 


Earth structures are not always buiit in the kindest of 
climates. In many countries, the raw earth must stand up 
to the rigours of cold and bad weather. In temperate and 
continental climates where rammed earth, adobe, cob ana 
daub -are very common, good architectural design and 
know-how can permit considerable economies by doing away 
with most of the rendering. Their use can be limited to 
the most exposed parts cf the building. On the other 
hand the sight of the exposed earth is often unfavourably 
regarded, as people seem to associated it with poverty. 
Buiiders of various ages have sought to disguise it by 
covering it with a conventional decor. Decorated ren- 
derings, painted and moulded, enriched the earth with an 
attractive noble style. In other regions (e.g. the 
tropics) surface protection is indispensable, particular- 
ly when the architectural design neglects to provide 
elementary protection (e.g. base course and broad eaves), 
or when the technique is not sufficiently sophisticated. 
Earth architecture often suffers from chronic defects 


‘caused by the dangers of bad weather. Nowadays, when it 


is deemed desirable or necessary to protect earth walls a 
wide variety of technical solutions exist which can be 
easily adapted to numerous local contexts. These solu- 
tions are, however, often poorly applied, giving unsatis- 
factory results. The chosen solution must above all be 
adapted to the local economy as the cost of protecting 
walls is all tco often prohibitive. The conflict be- 
tween technique and economy is all too often inevitable 
when dealing with this problem. The solutions used must 
be properly evaluated and implemented, if they are to be 
effective. 





1201 BASIC CONSIDERATIONS 





Earth and the construction techniques employing 
earth are burdened with a poor image. The main 
objection to them is that they do not perform well 
in severe weather conditions. This is admittedly 
true for simple earth structures which have not 
been built with the necessary care. However, it 
is less true for structures built with care in 
quality materials and having regard for the 
specific requirements of soil construction, which 
in particular afford protection to the material. 

Certainly the very large majority of the world's 
earth dwellings, built for the most part in rural 
environments, ail suffer. from the same defects 
when exposed to bad weather: surface erosion, 
- partial crumbling, unhealthy conditions because. of 
constant humidity, walls hollowed at their base, 
etc. It is thus extremely desirable to propose 
effective solutions for the restoration and 
protection of these existing homes. These solu- 
tions can moreover be applied to homes which are 
still sound but which are liable to deteriorate if 
not effectively protected. Furthermore {t would 
be best if these solutions were integrated into 
current or future construction in earth so that 
these typical defects could be banished forever. 

Apart from this, a coherent and truly feasible 
revival of construction in earth can hardly be 
envisaged, if the material does not satisfy re- 


quirements as well as other modern materials. © 
Soil must therefore in future produce buildings of 


obvious quality, without there being any doubts 
possible. This objective will be attained by 
improving the material itself and the construction 
techniques involved as well as by using a wide 
range of techniques which can bring about a marked 
reduction in the sensitivity to water of earth 
surfaces. 

Like other surfaces in modern materials, earth 
surfaces must be capable of being given protective 
coatings which meet current specifications for 
wall facings, Earth will only enjoy a quality 
image when {it jis regarded as a truly modern 
material, The necessity of protecting the earth 
used in the structure, long before being approach=- 
ed at the level of surface protection, remains 
Subordinate to the quality of the material, 
design, and the construction procedures used for 
the structure. Between the stabilization of the 
material and the systematic employment of non- 
eroding rendering - the two most common approaches 
adopted - the range of solutions for the protec- 
tion of surfaces is sufficiently wide to ensure 
durability, without having to resort to "miracle 
cures", However, of the numerous structures 
examined, stabilization and rendering only rarely 
appear to be satisfactory, and do not always 
provide a lasting solution. 
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THE NEED TO PROTECT 


Every wall built in earth should be able to stand 
up to damp and the direct action of water. This 
ability of an earth wall to withstand water is 
above all dependent on the quality of the soil 
itself, its grain-size distribution, structure, 
and porosity. It can be improved by adding a sta- 
bilizer under controlled conditions, or protected 
with protective coatings compatible with the ma- 
terial, or by taking protective measures in the 
design and construction stages, such as broad 
eaves, porches, and so on. The protection offered 
by renderings can take many forms, and varies 
considerably from region to region, as regional 
conditions impose specific protection requirements 
on the material. 

Generally speaking, in temperate regions, when the 
soil is of a satisfactory quality, earth walls 
stand up to weather erosion insofar they are built 
on good foundations or footings and are protected 
at the top. if the soil is of moderate quality, 
stabilization can bring some improvement without, 
of course, neglecting the basis protective mea- 
sures at the top and the bottom of the wall. In 
dry climates, earth walls protected at the top by 
an edge of the roof, or some other "hat", stand up 
well to water, if they are not liable to flood 
damage. In any region. where rainfall is low, or 
average, protection against rain can be afforded 
simply by taking architectural precautions. In 
contrast, in regions with high rainfall and 
driving rains with a virtually level trajectory 
{e.g. in the tropics) protective coatings are 
virtually indispensable. This precaution is 
essential fn regions where climatic vicissitudes 
go hand in hand with an architectural tradition 
which provides no protection either at the top or 
the bottom of the wall (e.g. mud architecture in 
the Sahel). Similarly coatings may be more or 
less necessary depending on the construction 
technique. 

Thus, for monolithic soil walis (e.g. cob, rammed 
earth, clay-straw) which are suitably protected 
and uncracked, the need of protection is less than 
for walls in earth masonry (e.g. adobe, compressed 
blocks) where the water may penetrate at the brick 
mortar interface, i.e. the joints. 


In principle, protective coating is not necessary 
for well-constructed structures in stabilized 
soil. Stabilized earth walls stand up wel? to bad 
weather for many years. Good base ccurses are, 
however, not pointless. it can be expected that a 
soil wall which is unprotected at the top will 
start to undergo local deterioration. The pro- 
tective covering may thus te useful when the need 
becomes apparent, several years after construc- 


. tion. It should, however, be remembered thet the 


systematic use of a coating may burdensome and 
unnecessary when the protection proves to he 
pointiess. Even so, this decision to protect the 
surface may be influenced by specific conditions 
relating te the use of the rooms and subsequent 
maintenance, 

When it is decided to use a coating, an effort 
must be made te obtain the smoothest and finest 
outer surface possibie. For example with rammed 
earth, stones will normally be placed in the 
centre of the wall and the outer surfaces rammed 
slightly more. When {it comes to providing a 
surface dressing, the stones will be concentrated 
on the outside edge of the wall and the wail may 
be less rammed in order to obtain a siightly open 
structure, After a first season of exposure to 
the elements, the stones will be exposed and will 
facilitate the adhesion of the rendering. in this 
case, the middie and the inside surface of the 
wall will be strongly rammed in order to provide 
the necessary strength. . 


. Prior to deciding on the use of surface protec- 


tion, three aiternative soiutions should be 
considered: 

- 1 + building a weli-designed structure, either 
provided with gcod foundations, and an anti-capii- 
lary barrier, overhanging roofs, gutters and 
dewnpipes, with gocd drainage and protected 
against the wind, and constructed according to the 
rules of the art. 

- 2° stabilization, avoiding, {f possible, stabi- 
lizing a11 the matertal (excessive cost) and 
limiting the stabilization to the outer surface of 
the walls; or by stabilizing the waterproof 
coating (wash, or distemper), rather than in the 
thickness of the wall, 
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- 3° appiication of a coating several years after 
the wall has become less smooth, giving good ad- 
herence. The deterforation of the surface of a 
wall in earth is in fact very rapid In the first 
two years but stadilizes very rapidly. 

it is abeve all advisable to protect structures 
against wind as this, associated with rain, can be 
particularly corrosive, even with very brief and 
short squalls. Finally a ceating which is not 
suited to the earth, or which {s ineffective 
because it has been poorly executed can be more 
harmful than if it had not appifed at all. 


FUNCTIONS AND REQUIREMENTS 


The main functions of a proteetive coating are on 
the one hand the protection of the wall against 
bad weather and impact, the extension of the 
service life of the walls, the improvement of 
their appearance by hiding the imperfections of 
the rough werk and giving them an attractive 
colour = witheut, however, masking defects - and 
improving thermal comfort. Finally, these fune- 
tions should not allow the cost of the coating to 
get out of hand. The functions may, moreover, 
result in contradictory requirements. For example 
@ good ccating should be impermeable to rain 
outside the structure but remain permeable to 
moisture from the inside. Renderings are very 
susceptible to climatic stresses (variations in 
temperature, sun, rain, and frost) and may deter- 
jorate. However, they must not lead to the 
irreversible deterioration of the support (e.g. 
loss of wall material stuck to pieces of render- 
ing). 

A good protective coating should adhere well to 
the support without provoking the loss of wall 
material, be flexible in order to allow for the 
deformation of the support without cracking, be 
impermeable to rain, be permeable to water vapour 
in the wail itself, be frostproof, and, finally, 
have a colour and texture compatible with the 
local environment. 
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SURFACE PROTECTIONS 





1 - WEATHER BOARDS 


These are coverings attached to the wall and fixed 
to a secondary structure in wood or metal. 
Weather boards may be in any of a variety of 
materials, such as slabs of wood, planks, boards, 
tiles, cement-fibre elements, corrugated iron, 
external insulating systems, and so on. 


2 = CLADDING 


Walls made of earth blocks and a ciadding of pre- 
fabricated concrete elements were used in Germany 
in the twenties. Both the earth and concrete 
products must be extremely well produced as design 
tolerances are very limited. 


3 - FACING 


This protective procedure was known to the Mesopo- 
tamians, who applied glazed ceramic cones to the 
facing of the wall when stil] wet. The develop- 
ment of this system has been towards pebble and 
burnt brick facings, common in the Middle and Far 
East. The facing is applied while the rammed 
earth wall is still in the shuttering, or applied 
subsequently. The system may result in a mixed 
wall, the strength of which jis not always uniform, 
and which may result in unequal subsidence of the 
wall and revetment-facing. The system is not 
suitable for use in earthquake areas. 


4 - INTEGRATED FACING 


Burnt clay elements which are either flat or "L" 
shaped are fitted as facing on the rammed earth 
wall, during construction (Cerman procedure) or 
are included in the earth block during moulding 
(procedure used by the EFPL at Lausanne). In the 
latter case, the adhesion of the facing to the 
earth biock is ensured by dovetail fittings. 


5 - TWIN LAYERS 


This is a surface stabilization system. With 
rammed earth this can take the form of the stabi- 
lization of the entire outer surface, while stil] 
in the formwork, or partial stabilization with 
layers of mortar or lime. The twin layer system 
has also been developed for soil blacks (Burundi, 
1952 and EJER at Ouagadougou). It gives excellent 
results but slow in production. The effect of the 
surface stabilization is limited to a thickness of 
2 to 3 cms. 


6 = INLAY 


Here an outer wearing layer is made from inlaid 
elements which can range from pebbles or flakes of 
stones, potsherds or brick flakes, shells, bottle 
tops (seen in Mexico), bottoms of bottles, box 
tops (seen in Khartoum). The work is demanding 
and regards a large supply of the slements used. 
Only the most exposed wails are inlaid. 


7 = SURFACE TREATMENT 


The exposed surface is carefully treated. French 
builders in rammed earth (pisé de terre) finish 
the wall with a "fleur de pisé’, This involves 
the careful camming of the outer surface with an 
extremely fine soif. The surface treatment may 
alsc be the finishing of the wall with a wooden 
paddle, as practiced in Morocco. Such external 
tamping is also carried out in Yemen on cob 
structures, The surface of the wail can also be 
rubbed down with a stone for example. Such 
treatments reduce the porosity of the soil and are 
effective but should not be carried out when it {s 
intended to apply a rendering. 


8 - RENDERINGS 


These may be in earth, stablized earth, or a sand= 
based mortar to which a hydraulic binder has been 
added: cement or lime, or some other additive such 
as bitumen, resin, etc. Renderings can be applied 
in a single thick or thin layer, or in several 
layers. Multi-layer renderings perform extremely 
well but takes longer to apply. 


9 - PAINT 


The coatings mentioned under this heading do in 
fact include conventional paints but also cover 
the distempers and washes. The latter are cement 
or lime siurries applied with a brush on walls 
properly prepared ard hydrated in advance. [t may 
also be bitumen applied in tue form of a liquid 
cut-back. A spray-qun may also be used to apply 
them, 


10 - IMPREGNATION 


The soil {s impregnated with a natural (e.g. lin- 
seed soil) or chemical (e.g. silicon} product 
which confers certain qualities on the wali: 
impermeability, fixing of fine grains and powders, 
hardening of the exposed wall surface, colouring, 
and so forth, The fmpregnating product is applied 
either with a brush or with a spray. 
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The conventional renderings based on hydraulic 
binders such as cement and/or lime, plaster, and 
with or without additives, are weli-known nowa- 
days. When employed for the protection of earth 
buildings, this type of dressing often give 
adequate results, but it must be peinted out that 
numerous precautions must be taken. While these 
materials are often used with success, disappoint- 
ments are also frequent. These failures appear to 
be mainly the result of the use of incorrect 
amounts of material and in particular a lack of 
know-how, Apart from the proportions used in 
mixing, which must be correct if the rendering is 
to be flexible and if ft is to allow the passage 
of water vapour, problems often arise from the 
poor preparation of the support and careless 
application. The rendering and the soil must be 
compatible and the greatest care should be taken 
in choosing the ingredients, the proportions in 
which they are mixed, and the techniques used to 
prepare the wall and apply the rendering. 


1 - NON-HYDRAULIC LIME 


The best results are obtained with hydrated slaked 
Times, in the form of extremely fine-ground powder 
or a. paste prepared beforehand. The use of slaked 
lime as a surface rendering for soil structures is 
old and well-established in many countries. It 
must be remembered that the hardening of a render- 
ing based on slaked lime fs the result of slow 
carbonation by carbon dioxide in the air, and as a 
result these dressing should not be too sheltered. 
The long-hardening process makes these renderings 
sensitive to atmospheric conditions, particularly 
frost ‘and great heat. In many regions, lime 
dressings are modified during preparation, with 
various additives which can improve their quality. 
For example fresh bull's blood, leaving aside its 
importance {fn magical practice, improves the 
waterproofing qualities of the rendering. Other 
practices include the addition of natural soap 
which improves the workability of the mortar, 
facilitating mixing and application. Similarly in 
Morocco, lime renderings of the Taddelakt type, 
were traditionally lubricated with yolk of egg, 
although nowadays soft soap {is used, which im= 
proves waterproofing and facilitates polishing. 
The addition of a little molasses helps to harden 
the rendering. When slaked lime rendering are 
exposed to considerable stressing, a smal] amount 
of hydraulic lime or cement can be added. Only a 
small proportion may, however, be added to avoid 
excessive hardening or reducing permeability. 
Experimentation has made it possible to specify 
proportions for lime or sand based multi-layer 


renderings and mixed renderings based on lime, 
cement and sand. 


lime ‘cement sand 
Tst layer 1 T=2 
2nd layer 1 a5 5-3 
3ed layer 1 3, 5374 

or 

Ist layer 2 1 3-4 
2nd layer 2 1 6 
3ed layer 2 1 8 


@ = HYDRAULIC LIME 


A distinction is made between natural hydraulic 
limes and artificial hydraulic limes. The natural 
limes have the qualities of lime and they harden 


rapidly with water and slowly in air. This 


advantage reduces the sensitivity of the new 
rendering to damp and frost. The artificial 
hydraulic limes have properties similar to cement 
and their use should be avoided. !n small propor- 
tions they can be useful, ¢.g. 1 part Time to 5 or 
10 parts sand. 


3 = CEMENT 


Cement mortars are too rigid and suffer from the 
defect of not adhering well to earth walls. 
Cracking, blow-up, and loosening in sheets are 
frequently observed symptoms. Their use is not 
advised and can at best be a make-shift solution, 
with proportions of the order of 1 part to 5 or 10 
parts. It is better to add a little lime to them: 
1 to 1 or 1 to 2 if at all possible. Cement ren- 
derings should be applied on a wire netting. This 
reduces cracking and breaking into slabs, but does 
not improve their adhesion. 


4 - PLASTER 


Plaster renderings are fairly compatible with soi} 
walls but should by preference used inside rather 
than outside. [In dry climates they can be used 
outside as well. It is best to improve the ad- 
hesion of plaster to the earth by first applying a 
diTuted wash of lime or cement. On outside walls 
slaked lime can be added to the plaster. This 
hardens the rendering and improves its water 
resistance. The rendering can be applied in 2 
layers with 1 to 1.5 parts of slaked lime added to 
10 parts of plaster and 7.5 to 10 parts of sand 
for the first layer. The same proportion of 
binder, but without sand, can be used for the 2nd 
layer. Waterproofing the surface with a fluoro- 
silicate solution after a period of a few days {s 
desirable, 
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3 - POZZOLANA 


Added to lime, pozzolana which contains enough 
silica produces a compounds similar to Portland 
cement. Pozzolana-based renderings are, however, 
far more flexible than cement-based ones. They 
are often used for finishing flat earthebrickwork 
roofs and for vaulting. 


6 - GUM ARABIC 


When added to soil, or even better to sand, gum 
arabic produces good protective coatings, which 
are hard, do not crack, and adhere well to earth 
walls. This product does not stand up well to 
water and {it is therefore better to use it on the 
inside of the building. The colour cbtained is a 
pastel red ochre. Gum arabic fs used as a render- 
ing chiefly in Sudan, but is becoming increasingly 
expensive. 


7 + RESIN 


As knowledge stands at present the use of resins, 
organic binders, and various mineral substances 
should preferably be limited to finishing the 
renderings described above. 


8 - READY-TO-USE RENDERINGS 


These renderings are prepared on the basis cf an 

added dry mortar based on mineral binders. They 

are designec to be applied to other supports than 

earth walls in single jayers but can be attractive 

if the support is properly prepared, Their use 
demands technical and strict, systematic experimen- 
tation. Combined systems such as mineral-organic 

products with a impregnation layer, finishing 

mortar based on mineral binders to which resins 

are added, end finishing layers using organic 

binders, are also worth considering, on condition 

though that the basic principles applicable to all 

renderings applied to earth walls are respected. 


9 - PLASTIC COATING 


The use of a plasting coating implies that the 
appearance of the support will not be preserved. 
The incerporation of reinforcement in waterproof 
plastic protection may be attractive, and depends 
on the configuration of the support. However, the 
danger cf blistering and the impermeability to 
water vapour makes their use inadvisable. 


QUTPUT 


- Preparation of the support, scraping 

and removal of dust 1/2 h per D per m? 
. Preparation of the mortar + assis<- 

tance to the mason 1/% h per D per mé 
» Appiication in 3 layers by 


the mason 1/4 kh per D per m2 
. Application of wash by 

1 labourer 1/30 h per D per m? 
- Supervision by a 

foreman 1/20 h per D per m? 

TOTAL. 1.1 h per D per m? 


These figures are based on observations on ijarge- 
scaie sites in tropical countries. The outputs 
Given here are for qualified labour. 


COST 


Cost is not particularly dependent on the type of 
rendering but rather on the organization of the 
work. “The foTlowing figures are for work carried 
by direct employees or by a cooperative and were 
drawn up om the basis of various sites and for 
both interior and exterior rendering 


Type of structure % of total cost without 


services 

- 1 °* Very low-cost house 18 % 
= 2 = Smail house with a minimum 

af equipment 20-25 % 

- 3 - “Carcase"™ dwelling 30 % 

« & = Covering for vaulting and domes 5 % 


For 1., the 13 % includes any incorporation of 
wire netting. The final price can be broken down 
as follows: materials 8 %; equipment 8 %; organ 
ization 8 %: pay 76 % ‘Labour cests can in fact 
reach 80 or even 90 % The degree of difficulty 
of the site may result jin variations ranging from 
a factor x 1 to x 2. For 2., a minimum of equip- 
ment means no electricity, a single tap, a minimum 
of rooms, no floor pretection, no drop-celling. 
In case 3., the indicated value of 30 is not une 
reasonable even when the dwellings are no mors 
than carcases, 

In 4 the covering is a dampproofing coat. 
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Earth can undoubtedly be an excellent rendering or 
be one of the ingredients of a rendering. Even so 
earth is not 2a satisfactory basic component for 
first-class exterior renderings, particularly in 
rainy environments, unless it is improved by the 
use of a stabilizing additive. Earth renderings 
have been widely used and still are in many 
regions of the world, 

The adhesion of earth renderings, whether used 
inside or outside, is virtually perfect. They 
are, however, above all a wearing layer which is 
the first affected by erosion and which can be 
cheaply replaced. The simple application of 
impregnation, a wash or grout, or paint can 
considerably improve these renderings, which are 
somewhat fragile. The earth rendering fs often 
referred to by the term "“dagga", and the wide- 
spread employment of the term in the literature 
often leads to confusion. 


1 = EARTH 


When used as a rendering, the earth jis first rid 
of all elements of a diam, ) 2 mm. Clayey and 
sandy soils will preferably be used (1 part -of 
clay to 2 to 3 parts of sand). Preliminary tests 
are advisable in order to determine exactly what 
value should be given to the 2 to 3 parts of sand. 
Such tests examine cracking and adherence a few 
days after application. Clays which suffer from 
strong swell and shrink are not suitable. Clays 
of the kaolinite type are preferable. Lateritic 
clays often make good rendering in an attractive 
red or ochre. The main drawback of these earth 
renderings fs that they are susceptible to crack- 
ing. 


2 = WATER 


No great problems with mixing water are encoun- 
tered. The most crucial factor is the amount 
used, which is important in controlling the shrink 
and drying of the rendering. Observation has 
shown that it is best to use rainwater. This ifs 
because this water jis depleted in cations and Na 
ions fixed in the clay-humus complex enter into 
solution and set off two reactions which result in 
the fixing of OH fons, and raising pH to 10. 
The abundance of OH tons disperse the clay, 
which becomes more adhesive. Other improvements 
are also possible by adding deflocculants and 
dispersants to the water. By using less water and 
obtaining a dispersed and highly uniform mixture 
the rendering will be less subject to shrink and 
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thus dry more quickly. The main deflocculants are 
sodium carbonate (Na.CO.) and sodium silicate 
(Na,0 Si0,), between 0.1 and 0.4 % should be added 
to the clay; others products such as humic acid, 
tannic acid and horse urine can replace the water 
entirely. 


3 - FIBRES 


Fibres act as reinforcement. Fibres can be of 
many different origins, vegetable, such as straw 
from wheat, barley, winter barley, rice, millet; 
animal hair and furs and even synthetic, such as 
polpropylene fibres. Common proportions are of 
the order of 20 to 30 kg of fibres per m3 of soil 
used. In the majority of earth renderings reine 
forced with fibres, they are cut to fairly short 
lengths. The finishing layer can also be rein- 
forced with fibres which give an attractive 
texture to the rendering but which traps dust. 
Fibres can also be added as a light filler, such 
as wood shavings or sawdust. Wood waste fillers 
should, however, be first mineralized by soaking 
in milk of lime or a cement solution. 


4 - STABILIZATION 


Virtually all products used for stabilizing sof] 
in bulk are suitable for preparing renderings. 


9 = CEMENT STABILIZATION 


This fs only really effective if the soil is very 
sandy. Proportions may vary from 2 to 15 % of 
cement, depending on whether a mild improvement or 
true stabilization is desired. Cement=-stabilized 
renderings should by preference be applied to 
Stabilized surfaces. It is also possible to add 
between 2 and 4 % of bitumen. This mixture tends 
to darken the dressing without spoiling the 
colour, but greatly improves water resistance. 


6 = LIME STABILIZATION 


Lime stabilization has its greatest effect on 
clayey soils when it used in large quantities, 
often over 10 %. Similarly a lime-stabilized 
rendering is best applied to a stabilized surface. 
The addition of animal urine or dung can have 
truly astonishing effects on the rendering (less 
shrink, hardness and good permeability). The main 
drawback is the strong ammonia smell during 
mixing, which may upset some people. 


7 = BITUMEN STABILIZATION 


Bitumen=stabilized softs should be neither too 
clayey nor too sandy and dusty. The quantity of 
bitumen ranges frem 2 to 6 % They are usually 
cut-backs which should by preference be heated 
without, however, exceeding 100°C. Where bitue 
minous emulsions are used the mixture must be made 
Slowly in order to avoid any breakdown cf the 
emulsion. The stabilizer can be prepared by 
adding four parts of bitumen to 1 part of kero- 
sene, followed by heating and adding 1 % paraffin 
wax. The kerosene can be replaced by coal creo- 
sote. The mixture described above can be replaced 
by 4.5 parts of cut-back or 3.5 parts of bitumen 
emulsion, Bitumen stabilization for renderings is 
particularly effective on scils which have already 
been reinforced with straw or even with dung. The 
bitumen {s added oniy at the end, 2 to 3 hours 
before the rendering is applied. Mixtures of 
asphalt, gum arabic and caustic soda solution are 
also highly effective, The support should be 
properly prepared, brushed and moistened. Excel- 
lent results have been obtained with this type of 
rendering by the CBRi at Roorkee in India. 


8 =- NATURAL STABILIZERS 


These are highly diverse and often are the 
traditional stabilizer in numerous countries, 
Their effectiveness is extremely variable. Their 
effect is more the retarding of the decay in the 
material, without really ensuring the sustained 
lifetime of the rendering, but limiting the 
frequency with which it is remade. Traditional 
stabilizers include the juice of the agave and the 
opuntia cactuses, melted shea (karité) butter, 
often added to gum arabic; the juice from boiled 
banana twigs; 15 litres of rye flour boiled in 220 
litres of water, with the paste obtained being 
added to the soil; cowpats or horse droppings (1 
part dung to 1 part clay and 5 to 15 parts of 
sand); gum arabic, which forms colloids with 
water; the sap of the fruit of the acacia scor- 
piedes (gonahier) boiled in water with severai 
pieces of limonite (a type of laterite), which 
results in a rather effective water repellents; 
euphorbia latex precipitated with Time, the sap of 
the néré tree, obtained from a decoction of the 
powdered fruit, added to the soil and then applied 
as a wash to the soil rendering stabilized with 
néré; and peulh soap, a sort of casein, thinned 
and beaten like a paste. Other natural preducts 
have been tried at the Cacavelli Centre in Togo 
for the improvement of renderings. These include 
kapok oi] obtained by roested kapok seeds to 
obtain a powder form with a high lipid content. 





The powder is diluted with water and boiled for 
several hours. This is then mixed dry with the 
water, mixing water being added subsequently. The 
rendered wall is then distempered with two coats 
of kapok of1. Calcium palmitate, obtained by 
mixing fat lime and palmitic acid - a product 
obtained by reacting HC] with a native soap known 
as akoto - can also be used. The calcium palmi- 
tate is diluted in a small volume of water and the 
soil is mixed with the milk of lime obtained (10 % 
by wetght of the mixture). The Hausa of Africa 
use the natural potash which accumulates {fn dying 
trenches, or an infusion of carob-bean husks, or 
even of mimosa which the richest people import 
from Egypt. Without a doubt there are a great 
many other natural stabilizers. 


9 - CHEMICAL STABILIZERS 


There are numerous chemical stabilizers and their 
effectiveness has as yet not been scientifically 
confirmed. These include the celluloses, poly 
vinyl acetate, vinyl chloride, the acrylics, 
sodium silicate, the quaternary amines, aniline, 
bentonite, soap stearates, casein glues, and 
paraffin. Others may be combinations of the above 
with, perhaps, the addition of natural products. 


1Q - APPLICATION OF EARTH RENDERINGS 


When used indoors they give excellent results, 
although it is advisable to strenathen weak points 
of the building with a mortar of sand and jime 
{internal and external corners, reveals, the 
bottom cf walls). Outside, a single layer is not 
enough. At least two layers should te applied, 
and preferably three. First apply a rough-cast in 
a highly adhesive clayey soil which can be finish- 
ed with a mortar consisting of one part lime and 
one part sand; followed by a 1.5 em thick layer of 
pargeting in clay soil and coarse sand, reinforced 
with fibred chopped to 3 to 5 cm long; and finish- 
ed with a top layer in clayey soil and sand, to 
which a light filler has been added (e.g. chaff or 
flax). 
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1205 PAINTS AND SEALERS 


OPAQUE PAINTS 


The range of commercially available paints is 
extremely wide. First of all it can be said that 
when ordinary paints are used to protect earth 
walls they give apparently satisfactory results at 
first. Very quickly, however, deficiencies such 
blisters, loss of adhesion become apparent. Paint 
can thus not be regarded as being a means to give 
a soil wail a lasting finish. They nevertheless 
afford temporary protection pending proper repair. 
Their use can be permitted indoors and for outside 
walls which are very well sheltered from the 


attack of the natural environment. Even so it is 


preferable to use them as a complement to the 
finishing layer of the rendering. The surface 
which is to be painted should be absolutely dry 
and all dust removed with a brush. Moreover, 
primers which penetrate deeply into the material 
give poor resuits. It its better to apply an 
impregnating layer, either in linseed oi], or in a 
very dilute lead-based paint, applied at a rate of 


0.50 1 per m*. When applying the finishing coat 


(in two coats), the best course is to consult the 
paint manufacturer for his technical advice. 

When walis are stabilized in bitumen, it is advis- 
able to apply 2 to 3 layers of paint at least as 
bitumen exudations may appear. When all condi- 
tions are favourable, i.e. good quality paint, 
proper preparation of the support and good appli- 
cation, the paint may last between 3 and 5 years. 
American experiments have shown that better 
results are obtained on sandy earth walls rather 
than on clayey ones, 


1 = INDUSTRIAL PAINTS 


Aluminium-based paints do not hold well when 
applied directy to earth. They may be applied to 
undercoats treated with bitumen or to bitumen- 
stabilized walls. 

Casein-based paints give fairly satisfactory 
results on earth walls. 

Primers can be used to impregnate the surface. 
Lead-based paints can be used on a surface treated 
with linseed oil. . 
Ofl-based paints perform only moderataly. 
Polyvinyl acetate emulsions can sometimes be 
satisfactory. 

Water-bound distempers should not be used on 
crumbly walls. 

Latex paints are quite efficient on stabilized 
soil walls, 


Resin-based paints aften give satisfactory re~ 
sults, but silicon paints are not very reliable. 
Acrylic paints breathe, are elastic, water 
repellent, and stand up well to the aikalinity of 
earth walls. 

On the other hand, watertight paints, alikyds, 
epoxies, and polyurethanes are to be avoided 
because they retain moisture. 

Chiorinated rubber-based paints, which are elas- 
tic, and stand up well to heat, ultra-violet 
radiation and atmospheric conditions can be used 
to waterproof roofs but should not be used for 
soil walls. 


2 - OILS 


Earth walls are an extremely porous support and 
absorb large amounts of non-oxidizing oils, such 
as sump oils. However, they do not perform 
satisfactorily as the impregnated layers should 
not go too deep. Linseed oil is oxidizing, reacts 
with air and becomes fixed. It is only slightly 
soluble in water and can be applied to moist soil. 
It is a very satisfactory primer for lead and oi! 
paints, but is expensive. Castor oi] has the same 
properties but is scarce and very expensive. It 
may be that fish oil is equally good, Paim and 
shea oi] have both been studied in Ivory Coast but 
suffer from the fact that they are very viscous, 
making them difficult to apply, and giving rise to 
efflorescence. 


3 - PLANT JUICES 


The juice of the euphorbia lactea is very well 
known in tropical countries. [it can be used to 
protect earth walls but it is absolutely essential 
to add it to lime (precipitation). The juices of 
the agave and opuntia cactuses can be used but 
they are extremely poisonous and can harm the 
eyes. In Upper Volta and Benin, and in Southern 
Chana a red plant extract known as "am" is employ- 
ed. In Northern Nigeria "lasso" is used, which is 
an extract from a lecal vine called “dafara" 
(vitis pallida). "Makuba" is also used, this 
being an extract from carob-bean husks. Banana 
juice can be used, but {t must be boiled for a 
long time, consuming large amounts of fuel in the 
process; and there is no guarantee of it being 
effective. 


. ‘ 


4 - QTHER NATURAL PRODUCTS 


Paints can also be made from paints based on cream 
cheese (G parts) mixed with one part of quicklime 
and greatly diluted in water. Paints can also be 
made from whey, with 4 litres of whey added to 
2 kg of white cement. These formulations have 
been developed by the University of South Dakota. 


9 = SQIL 


Earth slurries can be used indoors and fixatives 
added to them. These slurries can lay dust and 
equalize surfaces. Outside they are not lasting, 
but can be improved by stabilizing with mineral 
binders. (lime, cements) or organic binders (bitu- 
mens, plant juices, and various oiis), or with 
acids. Even when improved these emulsions must, 
in general, be regulariy refreshed. 


TRANSPARENT PRODUCTS 


There is a strong trend at present towards the 
employment of products which aim at conserving the 
earth indefinitely, while preserving the appear- 
ance of the material. Unfortunately earth {is a 
support very different from other industrial 
materials, and the results obtained with these 
"magic" products are, to say the least, random, as 
real conditions are not the same as those in the 
laboratory. Numerous problems appear after a 
period of years. 

The chemistry and the composition of the products 
are highly compiex and it is advisable to carry 
out preliminary tests with a view to ensuring 
their effectiveness, at least in the medium term 
and for fairly harsh outside conditions. -Many of 
these products, described as "totally waterproof", 
can often resist only a low pore water pressure. 
Generally speaking, such transparent products help 
to reduce the deterioration of the wall at the 
wearing coat. Their quality depends on the depth 
of penetration (up to at least 2 om). These 
product may form a crust of treated soil, which 
has the effect of producing the disaggregation of 
the wall. This happens with sodium silicate and 
silicones in general. 

With knowledge of these products - whether based 
on paraffin, wax, resin, or various minerals ~ as 
it now stands, their use is best limited to a 
treatment of the finishing course of thick render- 
ings and on sheltered walls. 


1 = SURFACE WATER REPELLENTS 


Silicons in a volatile solution require a suitably 
dry surface and cheir use is limited by the size 
of cracks, as these may not exceed 0.15 mn, 
expecially on exposed walls. The only use for 
which they should be contemplated is for finishing 
renderings. 

Silicons fin an aqueous solution or emulsion can 
accommodate themselves to a certain moistness of 
the support, aithough the same reserves must be 
made as above. 

Metallic soaps, stearates, and polyoleofins must 
first be made the subject of special attention. 
Fluates, or more scientifically fluorosilicates, 
form an artificial calcine by reacting with the 
calcium carbonate. They have absolutely no effect 
on soils stabilized with lime. They may be used 
with good effect on carbonated renderings using 
lime mortars. 


2 = RESIN-BASED FILM-FORMING 
IMPREGNATION TREATMENTS 


These may offer an attractive solution for shel- 
tered outside wails if they can be strongly 
absorbed into the first few cms of the soil and if 
they do not form a thick surface crust. Checks 
should be made to ensure that permeability to 
water vapour is maintained and that the impregna- 
tion can be refreshed. 


3 - WATER-PROOFING COATINGS 


These products are based on resins in an organic 
solution or dispersed in water. Their efficiency 
is limited by cracks which may exist or appear in 
the support. The risk of blistering and deficien- 
cies in permeability to water vapour makes their 
use highly unpredictable. They should in prine 
ciple be avoided. 
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1206 WHITEWASHES 


rs 


Limewashes made from non-hydraulic lime have been 
widely used in many regions since time -immemorial. 
They represent a fairly cheap way of affording 
protection against the harmful effects of rain, 
particularly in the .absence of sophisticated 
materials and where budgets are subject to severe 
restrictions. These limewashes are most suitable 
for affording protection indoors or on sheltered 
walls outside. .They can, however, be easily 
improved so that they last several years. 


1 = DRAWBACKS _ 


Limewashes are not particularly durable because 
they are easily washed off. The simplest must be 
refreshed periodically (once or twice a year), 
particularly in wet climates. Additives can make 
very significant improvements to them. These 
include vegetable drying-oils (linseed of], nut 
oils, castor of1, croton ofl, and hemp o71), 
‘glues, casein, salts which are more or less 
hydrated (zine sulphate, potassium alum, sodium 
chloride), resins or oleo-resins and rubbers or 
water-soluble rubber resins. Such limewashes are 
also very sensitive to mechanical shock and only 
offer limited orotection to abrasion. 


2- BENEFITS 


Limewashes made from non-hydraulic lime are cheap 
and stand up fairly well to alkalinity as well as 
bitumen exudations (on walls stabilized in bitu- 
men). Light in colour, they reflect solar radiae 
tion. They can be easily tinted with oxides. 
They can be easily and quickly applied and do not 
required specialized labour to apply them, al- 
though they must be applied with care. Refreshing 
them is easy and their aging causes no major 
deficiencies in the support. The periodic re- 
freshment rejuvenates the structure. They have 
the advantage of regulating the moisture balance 
between the support and its surroundings. Because 
of their constituents (quicklime or slaked lime, 
salts, formaldehyde), they have certain antiseptic 
properties. They bring light and hygiene to what 
would otherwise often be miserable and unhealthy 
slums. 


3 - BINDER 


The best results are obtained with nonchydraulic 
lime siaked in paste, using high yield, finely 
sieved quicklime. The wash is prepared a few days 
before application. Commercial slaked lime can 
also be used on condition that it is not too farin 
carbonation. The content of calcium and magnesium 
oxides should not be lower than 80 %, while the 
carbon dioxide content should not be higher than 
5 %. 
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4 - PREPARATION OF THE BINDER 


The containers or trenches used for slaking quick- 
lime should be considerably larger than the orig- 
inal quantity as the material increases greatly in 
volume (double). Attention should also be paid to 
the risk of burning as slaking quicklime generates 
high temperatures (120 to 130°). The operation is 
best carried out at night (cool) with plenty of 
clean water available. Ali lumps are broken up 
and the lime mixed well until a uniform paste is 
obtained, which is brought to the desired consis- 


-tency by adding suitable amounts of water. If 


slaked lime is used the quality of the sieving 
should be checked. The basic mixture is one 
volume of slaked lime to one volume of water. It 
may be necessary to add water to obtain the 
desired: consistency. 


5 - APPLICATION 


The limewash is applied to a clean, dust-free 
surface, which should be free of all crumbling, in 
at least 2 coats (3 or 4 coats being preferabie). 
The first coat will be thin, but subsequent coats 
will be increasingly thick. A distemper brush can 
be used for the first coat, while for the second 
coat a broom can be used, and even a yard brush is 
suitable for the later coats. The distemper is 
applied when the wall is in the shadow and ex- 
tremes of heat-:or cold should be avoided. Precau- 
tions should also be taken to avoid showers, which 
could wash the whitewash off the wali. The best 
method is "al fresco" but this is very difficult 
to carry out on earth walls. Application to the 
dry surface will thus be the most common method 
used and care will be take to moisten the surface, 
oreferably with clean milk of lime, but without 
soaking the surface, Excessively thick coats will 
flake off. Orying should be slow. 


6 - SIMPLE TEST 


A block is weighed in advance and then given two 
coats of limewash. The block is immersed in water 
for two days and then weighed again. If the 
difference in weight is of the order of 2 few tens 
of grams the limewash is good. If the difference 
is of the order of several hundred of grams the 
limewash should be rejected. 


7 - FILLERS 


Fillers are additives to the binders which give 
the limewash properties which the binder alone 
could not give it. The fillers discussed here 
are all compatible with lime. 


LSS 

- LINSEED QIL: increases the ability to stand up 
to variations in humidity and improves adhesion to 
the support. Should be added immediately before 
application. 

- TALLOW: is animal fat composed of giycerides; 
which gives greater plasticity when applying the 
limewash, by increasing water resistance and 
adhesion. Proportions: add about 10 % by weight 
of moiten tallow to the lime, Tallow can be 
replaced by calcium stearate or linseed oi1. 

© SKIM MILK: or whey (10 days); increases the 
impermeability of the Timewash, Add 1 part skim 
milk or whey to 10 parts of water used in the 
preparation of the whitewash, immediately before 
use. Be ak, cena ee vee ID, i 

¢ CASEIN CLUE: in powder, known as “cold glue”. 
Acts as a fixative. The addition of formalin 
inereasés its strength. Dissolve this glue in 
boiling water until ft becomes soft (2h) at the 
rate of 2.5 kg of glue to 7 litres of water. 


~ ANIMAL GLUES: improve the adhesion of limewash. 
They include glues made from skin and from bones. 


- RYE FLOUR: forms a vegetable glue solubie in 
warm water; requires the addition of zine sulphate 
as 2 preservative when in paste form. Increases 
surface hardness and resistance to rubbing. 










QUICKLIME 
SLAKED LIME (2) 
PORTLANO CEMENT 

WATER (1) 
LINSEED OIL (1) 
MELTED TALLOW 

SKIM MILK (1) 
CASEIN 

ANIMAL GLUE 

RYE FLOUR 

ALUN 

SOGIUM CHLORIDE 

ZINC SULPHATE 

TRISODIUM PHOSPHATE 
FORMALDEHYDE (1) 
MOLASSES (1) 
EVALUATION 


3) O indicates the limewash is fairly durable. 


LIMEWASH FORMULATIONS 


QUICKLIME (CaO) 








20} 20/ 20 


1) All figures are in kilograms, except the liquids which are given in litres. 
2) The selected reference quantities correspond basically to 20 kg quicklime = 25 kg of slaked lime. 


- ALUM: is the double suiphate of potassium and 
hydrated aluminium. A small quantity in the form 
of a paste made by grinding, and boiling in water 
for a period of one hour is added to the wash 
immediately before use. !t increases workability, 
surface hardness and resistance to rubbing. 


- SODIUM CHLORIDE: common salt, retains moisture 
in the timewash, facilitates the carbonation of 
the lime. it should be added slowly to the 
limewash prior to use (dissolves). Calcium salts 
and trisodium phosphate (Na,PO, ) are also used. 


- FORMALDEHYDE: has the antiseptic and stabili- 
zing properties of urea-formaidehyde. Dissolve in 
water and add slowly to a mixture of lime and 
casein giue or lime and trisodium phosphate. Does 
net keep well. 


«# MOLASSES: syrupy residue remaining after the 
crystallization of sugar. 0.2 % by weight added 
to lime speeds carbonation and increases strength. 


- MINERAL FILLERS: Inert fillers or soil (kao- 


lin). 


- COLOURINGS: Exclusively minerals, in the form 
of moistened powders, add prior to use, 


SLAKED LIME Ca(OH) 






























20 | 20 | 20 
25 
49 | 50 | 60 | 350 
1.2 
0.8 
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1207 SLURRIES 





CEMENT-WASHES AND HYDRAULIC LIME-WASHES 


Simple washes of cement or hydraulic lime give 
good protection and improved durability to earth 
walls. The are generally feasible when little 
money is available and are not affected by the 
alcalinity of the wall. In good conditions of 
execution, they can help to reduce the quantity of 
stabilizer in dthe bulk of the wall. This type of 
wash requires a humid environment when hardening 
and curing must be carefully supervised. They are 
thus more difficult to apply than the lime-washes 
based on non-hydraulic limes. As cement and 
hydraulic lime are more finely ground than non- 
hydraulic lime, the water requirement should be 
reduced, with a cement/water ratio of the order of 
1 to 1.5 compared to 0.78 for non-hydraulic lime. 
As a result workability and covering capacity are 
less. These washes are fairly resistant to the 
passage of water vapour and are therefore only 
Suitable for us in regions where water vapour 
migration from the inside to the outside is not a 
problem (i.e. excellent in sub-tropical regions). 
They have a limited lifetime, this being between 5 
and 10 years (on stabilized walls) and therefore 
require periodic refreshment. Paints based on 
white cements also exist and are available in 
various colours, These paints contain additives 
‘to improve their plasticity. These paints are 
only suitable for walls in stabilized earth and 
for very strong walls, but even here the results, 
are rarely satisfactory. On weak walls, cement 
paints should not be used (flaking, blistering). 
Generally speaking, when it is intended to give 
stabilized walls a cement-wash or hydraulic 
lime-wash finish they should be prepared with care 
(holes and cracks filled, dust removal) and 
thoroughly wetted. This moistening is indispen- 
sable when the mixture contains no calcium chlor~ 
ide (salt which retains water), the use of which 
is justified in hot and dry regions (not more than 
3% of the mixture). Moistening facilitates 
application and prevents excessively rapid hyd- 
raulic shrink but may reduce the impermeability of 
the wash. The addition of hydraulic lime to the 
cement (max. 25 %) does nothing for the wash but 
makes application easier (improved plasticity). 
Washes in cement or hydraulic lime should be 
applied in at least 2 coats, each 1 to 1.5 mm 
thick. Three or four coats are even better. The 
first coat should be applied with a brush (not too 
hard) while subsequent coats can be applied with a 
broom or spray-gun. 


if the ground is smooth, a thinned coat should 
first be applied to serve as a size or primer for 
a subsequent thicker coat. The reverse applies if 
the surface fs rough. The wash should be applied 
when the wall is in shadew. Once the last coat 
has dried it should be moistened in order to 
hydrate the cement and this should be repeated 
again just before nightfall. The second coat is 
best applied at the earliest 12 hours after the 
first, and if at all possible 24 hours later, 
after moistening the first coat again. These 
washes should be used in the 2 hours after their 
preparation and any leftovers should never be used 
on the following day. Colourings (3 to 7 % of 
various oxides) or water repellents can be added, 
though this should be done in the last: coat. The 
water repellent can be 2 % of calcium stearate 
solution added to the cement, or 2 % of copper 
sulphate solution in a concentration of 100 gr to 
10 Titres of water. It should never be forgotten 
that a poorly applied cement-wash to a badly pre- 
pared wall will have the tendency to peel, flake, 
blister, and loose all its protective power, no to 
mention the shabby appearance it will give to the 
building. 


FORMULATIONS 


- 1 = Qne hundred parts of Portland cement to 
fifty parts of silica sand or any other hard fine 
sand. Calcium chloride equal to four percent of 
the quantity of cement. As water repellent add a 
quantity of calcium stearate equai to 2 % by 
volume of the cement. The sand is mixed in after 
first mixing the cement, the calcium chloride and 
the caicium stearate. The volume of water is more 
or less equal to the volume of cement, although 
this may vary according to site conditions. 


- 2 * Slurry made from lateritic soil, cement and 
water (Ivory Coast). Two 50 1 barrows of later- 
itic soil, one bag of cement, and 175 litres of 
water. The slurry covers at a rate of 2.5 kg per 
m?, of in other words 340 g of cement per m2, 
which is very economical, 


BITUMEN WASHES 


Perfectly dry earth walls with well-prepared sur- 
faces (harshness rubbed down, brushed, and dust 
removed) can be protected by giving a coating of 
bituminous products such as emulsion, cut<-back, 
"Flintkote"”, and sec on. Local climatic conditions 
are very important as these products are more or 
less impermeable to water vapour. Mereover, the 
effectiveness of bituminous products for surface 
treatments is not very prolonged and care must be 
taken to ensure that periodical refreshment is 
carried out. Nevertheless these bituminous washes 
are among the least expensive and greatly improve 
the resistance to water erosion and surface abra- 
sion of earth wails. A precondition ta the 
success of these bituminous coatings is the 
dryness of the ground to which they are applied. 
if the ground is moist blisters and bubbles will 
soon appear leading quickly ta the detachment of 
the coating and, even worse, the loss of material. 
Bituminous coatings are often resisted because of 
their sombre colour - black. This drawback can be 
cured by treating them with a finish. This finish 
may be coats of paint or cement or lime-hased 
washes. Such finishes should be appiied several 
months after the treatment of the bitumen wall so 
that any defects in the bitumen coating become 
apparent and in order to avoid bitumen exudations. 
Applications of a paint finish, particularly oil-- 
based paints, to a bitumen-stabilized wall or a 
wall which has been given a bitumen coating, must 
be preceded by the application of an undercoat of 
bitumen-based aluminium paint. This paint jis com- 
patible with the emulsion of the wall: the flakes 
of aluminium in the paint spread and cover the 
wall, preventing any exudation of bitumen from the 
wail. Other treatments which can be immediately 
applied can also be considered. These include 
sanding with washed sand on the fresh bitumen 
coating. Study of these finishes for bitumen- 
stabilized walls has shown that generally speaking 
products applied with a brush, such as milk of 
lime, bitumen emulsions, pelyvinyl acetate, sty- 
rene emulsions, remain highiy permeable to water 
but hold back bitumen exudation. Distemper paints 
and alkyd emulsions are not advisable. Ofl-based 
paints stand up well to water but not to exuda- 
tion. Bitumen paints are satisfactory from both 
points of view. 


sqm te ee SS eT ee ee ee eae 


FORMULATIONS 


= 1 - Paint based on coal-tar: one volume of 
Portland cement, with one volume of petrol, and 
four volumes of coal-tar. The tar does not have 
to be preheated. The cement and paraffin are 
mixed first and the tar {is then added to them. 
The mixture is applied with a coarse brush to a 
fine primer coat made of a mixture of water and 
gas tar. The colour is black, 


- 2 - A liquid bitumen wash can be produced from 2 
volumes of coarse benzol and 1 volume of bitumen 
dissolved in the benzoline, to which a= small 
amcunt of resin and quickiime has been added. 
Apply with a brush or fine spray. This wash gives 
a brown colour. 


- 3 - A wash can also be prepared from 25 kg of 
preheated asphalt and 50 litres of petroleum oi1. 
The asphalt is added little by little to the 
oil- and carefully mixed until totally dissolved. 
Once the mixture has cooled it is poured through a 
fine strainer into another container in order to 
eliminate any undissolved materials and foreign 
bodies. It can be applied with a pesticide spray 
at a rate of 100 m? per day per person. The 
colour is dark grey. A finishing coat in milk of 
lime to which an animal glue has been added gets 


rid of this undesirable colour, 
oe 





1208 PATHOLOGY 


The numerous symptoms of the deterioration of soil 
walls are based on mechanisms which are for the 
most part related to the influence of local 
climatic conditions, such as rain, frost, great 
heat, as well as the influence of the people 
concerned, such as a lack of maintenance, lack of 
knowledge about how to apply them, and mechanical 
shock. Observation of renderings indicates that: 

Either the renderings are in good condition: they 
can be old and well-maintained, or new and little 
aged (less than five years old), recently applied. 
Or that the renderings are in poor condition: they 
may very old, 50 years old and their durability is 
praiseworthy, not to say enviable compared to 
modern renderings. These are usually renderings 
based on non-hydraulic lime. New renderings in a 
poor state are often in a very bad way after no 
more than 5 years, the shortest period possible in 
which a rendering can be evaluated. These render- 
Ings are often cement renderings. What happens, 
in fact, is that cement displaces the accumul ated 
knowehow acquired with older renderings. Cement 


may have remedied certain problems (e.g. speed of 


application, relfability) but does not really 
provide a lasting alternative. The loss of 
traditional know-how and the absence of modern 
know-how jis thus often a major cause of deficien- 
cies. The same applies to the maintenance of 
‘dwellings. Formerly renderings were considered 
more a$ wearing layers which have to be regularly 
maintained (e.g. refreshment of washes). It seems 
that home maintenance jis slowly disappearing as a 
social custom fn the majority of rich countries. 
The shift fs due to the excessive confidence in 
certain-products (e.g. cement, paints). In many 
of the developing countries maintenance of struc- 
tures continues to be be a significant social link 
in the community - the festive regular renewal of 
the rendering of mosques in Mali, with the whole 
village taking part, is a good example. 


1 ~ DEFICIENCIES AND THEIR CAUSES 


Conventional symptoms may range from a simple 
dirty streak (marring the appearance of the struc- 
ture) to a change in composition. The main defi- 
ciencies are poor composition, a lack of flexibi- 
lity or poor adhesion to the support, and poor 
waterproofing. The reasons for these defects 
include: the use of unsuitable materials, careless 
application, structural tension, a lack of mainte- 
mance or a defect in the supporting structure, 
such as subsidence, and cracking), 
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2 = SYMPTOMS 


Defective renderings on soil walls are revealed by 
the fairly typical symptoms discussed below. 


- CRUMBLING: the rendering can be easily scratch- 
ed with a fingernail and disintegrates. it is 
mainly seen in accessible places such as the 
reveals of doors and windows. 


- EROSION: eroded renderings are thin and no 
longer protect the wall. The erosion may be even 
and the increasingly thin rendering tends to 
disappear. Erosion may also be localized and the 
rendering may be left as isolated patches. 


- CRAZING: the surface of the rendering cracks 
into an infinity of threadlike cracks, permitting 
the access of water, 


- CRACKS: these may.be few in number but gape or 
very numerous and more or less closed. Fine 
cracks or crazing may develop into larger cracks. 
There is a danger of penetration by water and 
frost. 


- BLISTERING: can be localized or overall swell- 
ing of the rendering, and is visible as a bump or 
series of bumps. The surface of the wall sounds 
hollow because the rendering is no longer attached 
to the wall. There is a danger that pieces of 
rendering fall off the wall. 


- BLOWING: The rendering is pitted with small 
craters with a diameter of no more than 20 mm and 
of variable depth. Blowing occurs quite often on 
lime-based renderings. There is a danger of water 
penetration and frost damage. 


~ EFFLORESCENCE: the rendering is discolored by 
small white or grey rings. These are crystalline 
or amorphous deposits of an alkaline or alkaline- 
earth character and include sulphates, carbonates, 
and nitrates. These accretions of salt may bring 
about the disintegration and loosening of the 
renderings. 


- INFILTRATION: water is trapped in the thick- 
ness of the rendering resulting in the appearance 
of efflorescence or triggering off cracking and 
loss of adhesion. Once this has started the 
rendering may disintegrate very rapidly. 


= DARK PATCHES: these may appear in the form of 
black or brown patches. They are the result of 
the decay of organic matter left after water has 
dried up or by a localized flow of water. 


3 - MECHANISMS 


* EXPANSION: Frost or alternating wetting and 
drying can cause the clay fraction to expand at 
tiie wall/rendering interface. if the rendering is 


too rigid, it will first crack and then crumble.:- 


Similarly on a heterogenous wall (e.g. large 
stones jisolated in rammed earth) differences in 
the thermal expansion of the soil and the stone 
can cause locaiized failure. 

© SHRINKAGE: when a rendering first dries it 
shrinks, putting the material under stress. There 
may be Icss of adhesion and loosening. This hap- 
pens when a rendering is too rigid and the support 
is too smooth. When the suppert js rough, the 
Same rendering can cause cracking. The cracking 
may be clearly visible and few in number when the 
adhesion is low or numerous and fine when adhesion 
is high. The thicker and stronger the rendering 
the wider will be the cracks. They appear on the 
outer face of the rendering if the contraction is 
the resuit of exposure to wind or sun: the render- 
ing is dry (evaporation on a well-moistened ground 
and saturated, which dces not bring any suction 
into play). Cracks may also develop at the 
interface and advance towards the cuter surface on 
dry walls which contain little water, resulting in 
capillary suction operating from the rendering/ 
support interface. The most sensitive spots are 
recessed corners and the angles around bays. 

~ VAPOUR PRESSURE: water vapour may accumulate in 
the form of condensation at the rendering/support 
interface, Blistering may be observed, heralding 
detachment. This phenomenon {is typical for 
maritime and temperate climates where internal 
vapour pressure is higher than external vapour 
pressure. This differential pressure causes the 
vapour to migrate through the wall and the render- 
tng, and these must be permeable, which is why 
waterproof or excessively thick renderings should 
be avoided. The opposite preblem - internal 
condensation - may arise in tropical elimates or 
in air-conditioned rooms, 


° OTHERS: Other mechanisms originating in the 
conventional defects ef renderings are the infii- 
tration of rainwater or drips entering via cracks 
(accumulation of damp), the use of unsuitable ma- 
terials (poorly slaked lime, old cement), efflo- 
rescence causec by moisture or excessive smoothing 
of the rendering (appearance of laitance on the 
surface), attack by micro-organisms (lichens, al- 
gaes, mosses), and plants (creepers, ivy), sloppy 
application (poor preparation of the mortar or 
support, frost or very hot conditions), rain ero- 
sion, wind erosion, and damage due to mechanical 
impact. 
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1209 GOOD PRACTICE 


2) 


The main defects which can be observed in render- 
ings are by and large due to: 

- incorrect composition of renderings and defec- 
tive constitution; 

- hasty application, and a failure to respect the 
fundamental rules of the art; 

- poor site conditions; 

- incorrect or sloppy application; 

- inadequate preparation of the support. 


Taking heed of goed practice, know-how, and the. 


literature is absolutely essential. Moreover, the 
application of lasting renderings to earth walls 
demands special care and attention. The most 
essential elements are the correct preparation of 
the support, and the use of binders which are not 
too strong and which result in fat and plastic 
-mortars. 


1 ~ CONSTITUTION OF RENDERINGS 


Single-coat renderings should be avoided, as they 
are tao thick and too dense. Renderings based on 
mineral binders (lime, cement, and clay soils) 
should be applied in several coats, at least two - 
with an. uncracked second coat - and preferably 
three, with a render, float, and set. This 
application in three coats is particularly impor- 
tant for conventional lime-based and cement~based 
renderings, the thickness of which diminishes with 
the float and the finishing coat. 


- RENDER: or in the US the anchor coat is the 
first coat applied to the support and provides the 
support for the float. It is made of a fairly 
fluid mortar, generously provided with binder, and 
very finely ground. !t is energetically applied 
with a trowel, onto a well prepared support. its 
thickness ranges from 2 to 4& mm and the surface 
has rough appearance. 


- FLOATING COAT: this is an intermediate coat 
which takes up any unevenness in the support. It 
gives the rendering its solidity and impermeabili- 
ty while staying permeable to migrations of water 
vapour. The floating coat is applied two. to eight 
days after the render, in one or two layers, and 
has a final thickness of between 9 and 20 mm. The 
floating coat will have no cracks and is level to 
the float. Application in several layers (if pos- 
sible} makes it possible to plug fine cracks in 
the underlying coats. The amount of binder used 
is less and finer sand is used. The floating coat 
is grooved with the trowel or with a brush to im- 
prove the adhesion of the finishing coat. The 
curing of the floating coat must be perfect. 


- FINISHING COAT: This coat finished the protec- 
tive rendering and plugs any cracks in the float- 
ing coat; it is the decorative coat, both with 
respect to colour and texture. The finishing coat 
has the lowest binder content, as no cracks at al} 
can be tolerated. Care should be taken that the 
finishing coat is not compressed too much with the 
float, because of the danger of causing the mois- 
ture to come to the surface and of crazing. This 
is the coat which may have to have to be redone 
from time to time. 


2 - WHEN TO APPLY 


An earth wall should never be rendered before: 

- shrinkage has stabilized; this may take several 
week or several months. Times may be 6 to 9 
months for thick rammed earth, 3 to 4 months at 
least to a year for monolithic walls in cob or 
clay-straw; within a year of building for adobe or 
compressed block walls built when dry and not too 
late (2 to 3 months at least); 

- any settlement in the wall has taken place; the 
carcassing must therefore be complete, including 
any loads due to floorboards and the roof; 

- migration of water and moisture vapour due to 
drying has stopped. The internal core of the wali 
should not contain more than 5 % water by weight, 
and this can be a guide to when to start rendering 
works. Weather conditions when the site was in 
progress play an essential role. 


3 = CONDITIONS OF APPLICATION 


Do not render in excessively cold weather nor when 
it is very Rot. Avoid working in driving rain as 
well as in sun and violent wind, and when it is 
very dry. The best climatic conditions are when 
it is moderately warm and slightly humid. 

- Make horizontal and vertical joints with a view 
to completing panels of 10 to 20 m* in size in one 
go. Walls should be finished on the same day they 
are started. 

- Pay particular care to intersections, and re- 
veals in bays. Where the support changes (e.g. 
earth and wood) the rendering should incorporate 
reinforcement at that point. Do not continue the 
rendering to ground level (capillary action), make 
a joint at the level of the footing. 

- Avaid the excessively rapid drying of the ren- 
dering by spraying water on the surface (morning 
or evening), by hanging up protective sheets 
against heat, and rain action which could wash off 
the rendering. Keep the environment humid. 


- Make sure that the ingredients (binders and 
sands) are of goed quality and. that mixing is 
properly carried out. 

- In warm climates, it is advisable to apply a 
wash te the rendering about three weeks after 
applicatoin, in order to plug any cracks. 


4 - APPLICATION TECHNIQUES 


- By hand, for earth-based renderings. Balls of 
mortar are thrown energetically against the wail 
and then smoothed with the psalm of the hand, 
avoiding excessive finger pressure. 

- Using conventional tools, trowels, floats, 
avoiding excessive, compression. 

@ With a brush or broom: liquid render coat, or 
with an adjustable hand-operated plaster blowing 
machine, giving a Tyrdlean finish. 

- With a pneumatic blowing machine or rendering 
pump, making sure that the blowing pressure can be 
regulated is neither too strong or too weak. 


5 - PREPARATION OF THE SUPPORT 


This preparatory phase in applying the rendering» 


must be carried out with particular care. 


- DUST REMOVAL: the support must be rid of all 
loose and crumbling material, and dust. it is 
carefully rubbed down and brushed with a metallic 
brush. 


- MOISTENING: the support must not absorb the 
water contained in the rendering, as this may 
hinder setting and reduce the adhesion of the 
rendering. The support must therefore be moist- 
ened jin order to avoid capillary suction, but not 
too much as a film of moisture could be created 
which reduces adhesion. The support should have a 
dull appearance, that is to say sprinkled until it 
flows off. This operation may require various 
applications of water. A distinction jis made 
between supports stabilized through and through or 
only on their surface (moisten until rejection), 
and unstabilized supports, which should hardly be 
moistened at all (risk of causing the clay to 
swell}. On non-stabilfzed supports, an impreg- 
nating wash can help create cracks to support the 
rendering. 


- ANCHORING POINTS: on brickwork the joints must 
be roughened with a jointer. With rammed earth, 
brushing reveals the stones. Good anchoring 
points ensure good adhesion of the rendering, 
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1210 LATHING AND ANCHORING 


Bi sell DOTS 
1 - GLUE 






(Supports 1, 2, 4, 5). The use of white joinery 
glue (dilute polyvinyl acetate) has been tested by 
the ITDG (Nigeria, Sei Lanka, Sudan, Egypt). This 
glue, diluted in water, is applied in two layers 
using a brush. Dust is fixed and the adhesion of 
the mortar of the rendering is facilitated. This 
glue surface treatment should by preference be 
used in conjunction with a  fibre-reinforced 
rendering. Other dust fixatives can be used if 
they are compatible with the rendering. 


2 - SCRAPING AND DUST REMOVAL 


(Supports 1, 2, 4%, 5). Scraping the support is 
particularly important on supports which are at 
all crumbiy, as this makes {t possible to remove 
any materials lacking cohesion or which are not 
well fixed. On rammed earth, this exposes the 
sand and grave] skeleton holding the rendering. 
Dust removal is indispensable on the majority of 










dry or when moist (without saturating the wall) or 
using compressed air blowers. 


3 = GROOVING 


(Supports 1, 2, 4, 5). On walls built in com~ 
pressed blocks and adebes, the joints are scraped 
to a depth of 2 to 3 cm and the rendering is 
anchored by the hollowed-out joints. The blocks 
can themselves can be grooved ‘or chiselled. 
Grooving is a good way of ensuring anchoring on 
rammed earth and cob. The grooved surface can 
also be prefabricated with special moulds for 
blocks and formwork fitted with nailed, dovetailed 
battens for crammed earth. 

















4 - HOLES 


(Supports 1, 2, 3, 4, 5, 6). This anchoring tech- 
nique fs particularly suitable for rammed earth, 
cob and strawe-clay supports. It involves making 
slanting holes when the material is still moist or 
the formwork has just been removed. The holes 
should be at least 3 cm and preferably 6 cm deep. 
When building in balls or loaves of soil, the 
holes are made in the fresh material. 


5 - PIERCING WALLS 















(Supports 2, 3). This procedure is used fn Gabon 
on houses built in cob between posts. The masses 
of clayey soil covering the netting are pierced 
with a dagger, from one side to the other. The 
rendering is applied on both the inside and the 
outside and the two layers are united by a sort of 
bridge of rendering. 





earth supports. It can be done with a brush, when 


6 = ANCHOR POINTS 


(Supports 1, 2, 3, 4, 5, 6). The wall is encrust- 
ed with solid fragments, flakes of stone or broken 
pottery. This encrusting can be easily carried 
out on fresh cob, or even on daub. The fragments 
are set obliquely. On blockwork or adobe wails 

the fragments are inserted into in the ee 
mortar. Anchoring points of the same composition 
as the rendering can also be provided, e.g. strips 


of lime included in Outer thickness of rammed 
earth, 


7 = NAILING 


(Supports 1, 2, 4, 5). The nails should preferab- 
ly be galvanized and Yong (at least 8 em), with 
wide flat heads, They are inserted in the wal] in 
a feguiar pattern, with about 10 to 15 cm between 
each nail. Ags they can hinder the application of 
the rendering another method is to make holes in 
which the nails are placed so that they are level 
with the support, or to insert the nails after the 
application of the fivating coat. 


8 = LATTICE WORK 


(Supports 1, 2, 3, 4, 5, 6). Conventional chicken 
wire can be used (hexagonal holes). it is best if 
the netting is galvanized (walls exposed to weath= 
er) although nonegalvanized netting adheres bet- 
ter. The netting js fixed by nails twisted into 
the mesh and nailed in a regular triangular pat~ 


tern, Steel wire can be woven onto nails driven 
into the wall, 


9 - WATTLE 





(Supperts 1, 2, 3). Some techniques leave the 
wattle exposed. This is the case for daub er cob 
on posts, or even rammed earth between reed 
formwork. Sometimes this is also done with heavy 
clay-straw, which is covered with plaited canes or 
woven reeds to anchor the rendering. 


10 - FIBRES 






(Supports 2, 4, 5). The University of Nairobi has 
tested @ wall protection which combines cement and 
Sisal fibres, The mixture is applied as a first 
coat and the short sisal fibres remain visible 

facilitating the adhesion of the subsequent Sostss 
Instead of Sisal, other natural fibres can aiso be 
used (coir, hemp, etc.), synthetic fibres (poly- 


propylene), animal hair, or woven materials (jute 
sacking), 
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1211 FINISHES AND DECORATIONS 
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Apart from their function as wall protection, both 
indoors and outdoors, surface coatings play a 
decorative architectural role. This aspect of the 
rendering in finishing and decorating building is 
apparent in many countries and has been exploited 
for as long humans can remember. I[t includes 
customary techniques and motions just as much as 
the texture or grain of the finishing coat, re- 
liefs worked in the bulk of the wall, colour, and 
flashing with various other materials. Finishes 
of the visible rendering are applied manually, 
either with traditional masonry tools, trowel, 
hawk, drag, etc.) or mechanically with blowing 
machinery. 
The various treatments of the surface of the wall, 
are carried out, to obtain the final appearance, 
either before hardening (float-finished or rustic 


Deccration is the vehicle of a culture's value 
system and constitutes the identity of the com- 
munity, passing on the symbols necessary to the 
moral and the ethical system of a people. The 
architecture of Africa is incomparably rich in 
this respect. The decoration is both esthetic, 
magical or religious and apotropaic (i.e. offering 
protection against demonic influences), or has a 
functional purpose. 
The decoration calls form, relief of the wall, and 
colour (variety of natura! er (nowadays) synthetic 
pigments), shadow and light into play. To mention 
just a few, there are the zoomorphic reliefs cof 
Chan Chan (Gran Chima, Peru) and the geometrical 
floral and plant reliefs of urban housing in Niger 
and of numerous ethnic groups (Hausa, Dogon, 
renderings), or after hardening (e.g. scraped or _ Swahili, Ashante, Suku, Lobi, an ee on). The 
ae wee we eee v2] glazed renderings). variations on geometric decoration, painted, 
eRe ga Pe ae Sy EE i. modelled, sculpted or moulded in the thickness of 
se easel cane ses the wall are so numerous that they defy descrip- 
tien, On the other hand some decoration is sim-~ 
pier, such as balls of earth (Sahara) placed -on 
~ DRAGGED FINISH: the floated surface is scraped the surface, and which discourage cracking (repeti- 
after hardening with a metal blade, or with a tion of hemispherical flattened balls) offering 
devil float, (i.e. a float with steel nails the thermal benefit of permanent shade and break=- 


protruding from its bottom). Once the rendering ing water run-off. Ornamentation fs aiso the 


is dry, the dust can be removed with compressed ancient tradition of painted fresco work, the 
air or by hosing down. African murals of the Kru, Toma, Kisi, Ashanti, 


Ubangi playing primarily on contrasts of black and 
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- SMOOTH FINISH: usually used indoors, smoothed 
with the laying-on trowel and the float. 

















° RUSTIC FINISH: the rendering is applied by the white, ochre and reds or the tradition of ceramic 
plating known to the Babylonians (the Ishtar gate) 


and still practised today in the zeligs of Moroc- 
CO. 


trowelful, each covering the previous one. When 
slapped on with the trowel the rendering has a 
scattered irregular grain. 
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- GRAINY FINISH: the rendering has a rough 
appearance resulting from being thrown or blown on 
(Tyrolean, fine sand, or plaster blowing equip- 
ment). Reduces cracking. 







* CRUSHED RUSTIC: the wall is first given a 
grainy finish and then crushed with a float or 
flattening tool, 


- WHIPPED FINISH: the freshly applied rendering 
is whipped with a broom or with flexible fibres 
(e.g. palm twigs). 


~ AGGREGATE FINISH: coarse sand, small stones, 
stone chippings, or shells are thrown against the 
fresh rendering. This pebble dash finish jis 
well-known for its ability to reduce cracking. 
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Numerous standardized tests exist which attempt to 
test the quality of renderings, and especially the 
behaviour of the inseparable support-rendering 
complex. The object of the rendering tests is 
thus basically to find a rendering the behaviour 
of which will be acceptable, in time, for a 
specified support and in relation to a number of 
performance criteria selected by the user (e.g. 
frequency of maintenance, resistance to climatic 
and mechanical agents). There are numerous 
laboratory tests, which are periodically revised 
by various research centres, They are, however, 
not universally applicable and their interpreta- 
tien is hindered by a lack of correspondence be- 
tween the ideal conditions of the laboratory and 
real conditions of use through the years. Ulti-~ 
mately, however, time is indeed the only real 
test. For rendering formulation tested by natural 
exposure, there will be no point in carrying out 
tests of the rendering on its support, to the 
extent, of course, that practical knowledge is 
confirmed. Among the usual tests for less well- 
known or new renderings, or where know-how could 
be improved, there are tests which examine the 
particular characteristics of the rendering. 
These tests can be carried out on the fresh 
mortar, on site, and attempt to check the con- 
stituents, setting time, workability, mechanical 
strength, and the capillary absorption of the 
mortar, and are conventional and easy to carry 
out; or alternatively be carried out on the 
hardened mortar. Other tests are aimed at testing 
the behaviour of the rendering-support complex. 


1 - TESTS ON HARDENED RENDERINGS 


- Apparent bulk-density test. 

- Tests on variations in mechanical characteris- 
tics when moist. 

- Tests on compression strength, tensile strength, 
and shear strength, 

= Dynamic and transverse moduli of elasticity. 

- Tests on dimensional stability, changes in 
weight, 

- Surface hardness tests, tests on layer thick- 
ness, depth of carbonation, 

- Tests on water content, capillary water absorp- 
tion, gravity water absorption. 

- Tests on ability to withstand the diffusion of 
water vapour, and permeability to water vapour. 

- Tests on water erosion, and run-off, 

- Wearing resistance tests. 

- Tests on ease of nailing, and maintenance. 


All these tests are described in detail in the 
specialist literature. 
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2 - SMALL-SCALE TESTS 


These tests can be useful but are of limited 
application because they do not consider the 
rendered wall as a whole and concentrate on 
fragments. Although scientific, these tests come 
nowhere near to approximating real conditions. 

@ OPEN POROSITY: first of all the sample is dried 
(dry air or stove) until it attains a constant 
weight. It is then completely submerged (various 
procedures) then superficially dried (moist cloth) 
and weighed. Porosity is expressed as a percen- 
tage according to the relationship: 

Pt - Pp 





x 100 


(Where P = dry weight; P' = absorbed weight of 
water). 

- MOISTURE CONTENT: measured either on the basis 
of the resistivity of the material with an appeara- 
tus equipped with 2 electrodes which are placed in 
the rendering, or with a sort of flat capacitor, 
which is applied to the rendering and gives a 
direct reading on a gauge. 

- ABSORPTION CAPACITY: water is forced into the 
surface of the rendering under pressure. The 
quantity of water crossing a predetermined area 
during a given time is recorded by means of a flat 
chamber held in place by means of a waterproof 
putty and connected to a recipient of fixed level 
(in order to ensure constant pressure). A ren- 
dered block can also be completely immersed in 
water and the difference in weight before and 
after immersion determined. 

- EROSION: by spraying with a jet of water or by 
dripping water onto the material. 

- ADHESION TESTS: Adhesion is measured by means 
of a dynamometer with gaiters which is used to 
tear loose a 50 mm pellet from the surface of the 


rendering after first cutting it free with a corer 


to a depth slightly more than that of the render- 
ing. The pellet is glued to a metal disc with a 
suitable glue. Adhesion is good, if breaking 
eceurs in the rendering; not good if it takes 
place at the rendering-support interface. 

- Yet another test for the adhesion of rendering 
to rammed earth has been tried in Morrocco. A 
porous cement block jis stuck to a sample of ren- 
dered rammed earth, and tensile force exerted on a 
ring located fin the axis of the block. The test 
is for an adhesion between rendering and rammed 
earth of 1 kg per em?, 


3 - LARGE-SCALE TESTS 


- ACCELERATED AGING: this test should reflect 
local climatic conditions as far as is possible. 
The aging cycle by exposure to heat, rain and 
frost must be defined by the proper interpretation 
of the tests as it is a matter of gauging the 
responses to stresses rather than determining a 
state after aging. 


- NATURAL AGING: the behaviour of renderings with 
time is observed on smail walls exposed to natural 
weather conditions. It {s advisabie to ensure 
that these test walls are properly oriented with 
respect to the prevailing rain and wind. This 
test has been tried in various countries, but has 
been carried out on a truly large scale in Senegal 
and in the USA and has been the object of study 
for several decades, Nevertheless the results are 
more accurate for permimeter walls than those of 
dwellings, as no examination can be made of the 
migrating water vapour which affects mast render- 
ings. 

The test walis have a minimum ‘exposed area of 
1 m*, They are subjected to the greatest climatic 
stresses in the region. They are covered with a 
waterproof cap projecting 10 cm on each side, and 
fitted with a drip. The test walls are separated 
from the ground by a footing of at least 25 em 
high and provided with anti-capillary barrier. 
The rendering comes to within 2 em of the cap and 
reacnes down to the footing, but does not touch 
it. At least one year and, more usually, two to 
three years are required to arrive at the first 
conclusions which do not consider the disorders 
suffered at the edges of the test walls. 


4 - BUILDINGS OR BUILDING PANELS 


Natural exposure tests on buildings or building 
panels have been carrried out in the USA, Great 
Britain, and several other countries. None of 
these buildings have ever been normally occupied 
and the differing orientations of exposure make 
comparison impossible. 

In fact the best place for experimentation and 
observation is the stock of existing buildings. 
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